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FOREWORD

Over the past 20 years advances in diagnostic and medical and surgical therapeutic
maucuvers have changed the practice of cardiology 1adically. Congenital, hyoer-
tensive, and valvular heart discase have been b.nefited the most by these new
approaches. A recent major advance in th. treatment of coronary artery disease,
our largest problem, has been the development of the Intensive Care Concept
including minute-to-minute monitoring of the electrocardiogram. There has been
a reduction of mortality in acute myocardial infaretion from 30-35 percent

to 15-20 percent. There have been many attempts to improve the blood supply
to the myocardiuni beyond the arcas of obstruction, tome with ouly spotry
success and all with only questiorable objective imyrovement. Over the last
three years we have seen the development of surgical techniquss, such as
saphenous v:in bypass grafis and gas endarterectamy, that convincingly ac-
complish this goal of revascularization. Still there are major unsclved problems
before we can unhesitatingly recoramend these procedures to ali those who are
anatomically amenable to them. First, and perhaps foremost, is the lack of
knowledge about the fate of these grafis: how long will they stay patent?
Secondly, once we know this, ws must also krow the natural history of the
patient with coronary discase. We have a grea mass of ratural history in-
formation, most of it dating from precoronary artcriography days, abour the
fate of the patient who has had a myacardial infarction or who just begins

to have angina pectoris. What we don’t know, as yei, < what happens o

the coronary artery that is diseased. Docs the plaque progressively narrow,
does it stay stable for long periods of vime, does it.Suddenly ncelude. and if

so, what are the changes of this catasirophic hapgening? Until these quesrions
are answered our recommendations to patients vis-d-vis coronar " artary <urgery
simply reflect the enthusiasm or lack of st which we have for the procedure

The: state of the art is such that pauienies with severe incapr citating angtna and

proximal lesions ar * now being advis:d 1c have coronary bypass sorgery. Wacther

or not revasculzrization improves ventricetar function is still not Krown, Cer-
tainly 1t is possible that chronically ischemic muscle may be respoasible, at
least in part, for the decicased functian, If this is the case. then roversal ~/

Present Concepts, Vol iV No 4, April 197]
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the ischemia can reasonably be expected to improve function. It is known
that the poorer the ventricular function, the higher the mortalny of the
surgery. In this issue of Present Concepts, 1 have attempted to review bricfly
the problem of evaluation of ventricular function in coronary artery discasc.

Doctor McConahay has taken the task of reviewing the indirect techniques

being developed which show great p:omise in drr=cting changes in ventricu- -
lar function. These techniques are noninvasive snd can be repeatedly done

on an outpaticnt status.

Doctor Nagle reviews the present status of surgery in coronary arterial discase
ar.d puts into perspective the promises and dangers of the various procedures.

Doctor Brundage reviews those areas of cardiovascular surgery aside from
revascularization: which can benefit :ertain hemodynamic problems in patients
with arteriosclerotic heart disec<e.

Doctor White, taking up the description of indirect, nonirvasive techniques,
reviews the use in cardiology of reflected ultrasound utilized i in echocardi-
ography. This technique in its ability to detect changes in chamber size,
holds great promise in noninvasively looking at measures of ventricular func-
tion such as ejection fraction, end-diastolic volume, and rate of ejection.

Doctor Martin, in departure from our major theme, revicws the new tech-
niques of measurement of scrum digitalis levels. These newly developed
tests have great importance in that they promise a sc ation to the not
uncommon therapeutic dilemma of too much versus too little digitalis

in a patient with an arrhythmia.

The ultimate fate of the coronary vein grafts .s not known. They alrcads
are a major palliative tool with many hundred of grateful beneficiaries.
Whether or not they will be long.lasting palliation and thus applicable to
a wide group of patients with coronary arterial disease is yet to be deter
mined. Since coronary cisease forms a major portion of any internist’s
problems, it is obviously o great imporzance to keep up with the latest
information in this rapidly changmg field. This is the purpose of this
issue of Present Concepts and the ope of its authors,

— COL MELVIN D. CHEITLIN, MC
Guest Editor

Present Concepts, Vol 1V No 4, Apnl 1971
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MEASUREMENT OF VENTRICULAR FUNCTION
IN

ARTERIOSCLEROTIC HEAR'T DISEASE

COL Melvin D, Cheitlin, MC

Recently, with the development of surgical techniques
which appear promising in their abtility to revascularize the
myocardium, it hes become most important to guantitate the
degree of ventricular muscle impairment az accurately as
possible so as to determine whether revascularization or
removal of nonfunctional areas of the myocardium could be
expected to improve the patient's clinical situation. The
purpose of this paper 1s to discuss the function of the ven-
tricle in chronic coronary arterial disease and our present
means of evaluating this function in the laboratory.

There are a mmber of reasons for myocardial dysfunction
in arteriosclerotic heart disease including muscle scar,
transiently iaschemic muscle, asynergy, and mitral insufficiency.

Muscle Scar

This takes the form of either localized conglomerate
acar, the residual of an old myocardial infarction, or diffuse
fibrous tissue, perhaps the residual of years of intermittent
ischemia. This fibrous tissue results from the loss of con-
tractile muscle mass causing a decresse in the ability of the
ventricle tc develop tension. There may also be a change in
the compliance charectaristics or "distensibility" of the
ventricle. The ventricle becomes stiffer and requires a higher
ventricular filling preasurs to achieve a given change in
ventricular volume, this irterforlug with the heart's function

as ¢ pumpo

Transiently Ischemic Muscle

Reversible ischemia causes a decrease in contractility or
loss of function in this segment of muscle. These ischemic
arees are only transiently impeired and when the demand for
excess myocardial oxygen decreases (i.e. exercise stops), the
localized area of jschemia is reversed and function returns.
Depending on the amount of ventricuiar miscle involved, the

Present Concepts, Vol IV No 4, April 1971
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Mcasurement of Ventricular Function in ASHD - Cheitlin

ventricular function may or may not be transiently detectably
altered. Evidence of this reversible change in myocardial
function is seen in those instances in the catheterization
laboratory when angina occurs accompanied by a rise in pulmon-
ary wedge pressure or left ventricular end-diastolic pressure
(LVEDP). The clinical counterpart of this is seen in the
patient who develops with angina & transient atrial or ventricu-
lar gallop which disappears as the angina subsides.

Asynergy

In addition to individual segments failing to function
as muscle strips, there is the decreased ability of the entire
ventricle to function in a coordinated manner, i.e. to function
as a pump. The heart may be thought of as a group of miscle
spirals surrounding a lumen, This hollow muscle ejects blood
by a properly coordinated, sequential contraction organized
in this way by depolarization over a specific conduction net-
work. This ejection results from a slapping motion of the
ventricle giving momentum to the blood and propelling it out
of the ventricle, This action requires the maximum develop-
ment of tension in the muscle wall aarly in systole. The
ventricular lumen then reduces in size to the extent of the
stroke volume, To provide this impetus, the proper coordina-
tion of contraction is egsential, Harrison and his group /1,2/
and later Herman et al /3/ demonstrated this lack of coordina-
tion in contraction in many patients with coronary disease, the
go~called "asynergy" of the ventriculer contraction. This
asynergy is expressed as either the entire ventricular muscle
sontracting hypodynamically, or as portlions of the muscle
contracting poorly compared to other parts, or even expanding
ag other parts of the ventricle contract, The ultimate in this
"unccuperativeness” is present when each muscle fascicle
contracts without relation to any of the others, a condition
recognized as ventricular fibrillation,

With leaser degreses vy loss of coordinated contraction,
thers is & dissipation of contiactile energy used in just
chunging the shape of the ventricle The most striking example
of this is seen in the ventricular anwsuryam. This contractile
enecgy is lost, to the useful work of tne heart; namely, expel-
1ling the stroke volume. In additicn, these areas are not them-
selves contributing contractile energy to the systols, and so
the remaining muscle fibera have to work harder to achieve any
given level of intreventricular preasure,

Present Concepis, Vol 1V No 4, April 197}
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Measurement of Ventricular Function in ASHD - Cheitlin

Mitral Insufficiency

The mitral wvalve mechanism depends for its proper func-
tion on the integrity of the papillary =uscles, chordae
tendinae, and especially on the functional integrity of the
attachment of papillary muscles to the ventricular wall. Any
mitral insufficiency allows a low resistance runoff from the

ventricle, thus competing with the aorta for the ventricular
( jectate,

REVIEW OF FUNCTION OF THE HEART AS A MUSCLE AND AS A PUMP

The job of the heart is to supply blood to the body in
amounts sufficient to meet the body's demand under all
physiologic circumstances, If the heart does this without
encroaching on its reserves —— in other words, with normal
filling preasures and ventricular volumes, we consider the
heart to be functioning normally.

The principle ways in which the heart accomplishes the
task of changing its output to meet the body's damands are by
changes in heart iate and stroke vol me.

cardiac output (cc/min) = stroke volume (cc/beat) x heart rate (beats/nun)

Stroke volume is dependent on several variables — "pre-~

load", "afterload", rate of contractility, and the synergy of
the contraction./4/

"Preload" or diastolic ventricular filling. Here is one
of the fundamental properties of muscle described in the
Frank Starling principle which stwtes that with all other fac-
tors held constant, the greater the resting length of the
mscle at the onset of contraction, the greater the force
generated by that contraction./5/ This property of cardiac
function has been called "heterometric autoregulation" and
implies that the normal heart can eject whatever volume comes
back to it. This increase in the force of contraction does not
involve an increase in contractility or the maximum rate at
which the ventricle contracts, In the intact heart, this

Present Concepts, Vol IV No 4, April 1971
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"resting fiber length" or "preload" is represented by the end-
diastolic volume, This ir turn is related to the end-diastcl'c
pressure by the curve of ventricular compliance or dictensibil-
ity. Fgurel.

30 1 L} LN 4 1 1
25
@]
=15
E"
(&)
(]
ui 10
>
-
5
1 i 1
0 1l A
0 I 2 3 4 5 6
Mm CHANGE IN SEGMENT LENGTH
Fig 1 Ventnicular comphanre relating to feft ventnicular end-diastohc pressure with ventricular

volume. Amer J Med May 1961 page 749. Reproduced with permission,

Nermally the ventricle operates at the diastolic volume
where the compliance curve is flat and great increases in
ventriculaer volume can occur with only small increases in
ventricular diastolic pressure., As Aiastolic volume increases;
the compliance curve becomes steeper, If the muscle thickness
increases, as occurs in hypertrophy, or changes as in fibrosis,
the ventricle becomes less compliant znd for further increases
in ventricular filling there is much greater increase in
diastolic filling pressure.

The usual way those stretch-force relationships are pre—
sented graphically is In the form of a "ventricula, functinn
curve" where the stroke volume (or its derivative, cardia- work)
is plotted against end-diastolic volume or end-diastolic pressure.

Figure 2.

Present Concepts, Vol IV No 4, April 1971
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f Fig.2. Hypothetical function cuzrves of the left ventricle indicating the shifts 1n the curve that vccur
: : with alterations in n-yocardial contractile state. This diagram provides » useful framework
for considering *he directional responses of the human ventricle to various forms of stress.
(Sec text, Ann Intern Med 70:369 (Feb) 1969, Ross J Jr, discussant, Fig 6, page 375.)
Reproduced with permission.
nAfterload®is a term applied t¢ myocardial wall stress
during cystole. This can be thought of as the work the heart
does on ;jecting its stroke volume and relates principally to
the = 3lopment of myocardial wall tension during systolic
contraction. Wall tension is related to intraventricular
preasure, the radius and the thickness of the ventricle by

the laPlace relationship:/6/
_ 3 T = tension
e ;' Tel iP- R IP = intraventnicular pressure
b - . 2h R = nndius h = tiwckness of vantricle
g Afterload is determined chiefly by the size of the heart
S a.. well as by periphersl factors, those variables that influ-
, ence aortic pressure such as systemic arteriolar resistance
. and arterial <lasticity. This ability of the heart to eject
S the same stroke volume against a wide range of resistances has
LA been termed "homeometric autoregulation:/5/

Prcsent Concepts, Vol 1V No 4, April 1971
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Mecasurcment of Ventricular Func*inn in ASHD

Contractility or inotrcpic State. Increases in contrac-
tility or the maxirum rate at which the myocardium develops
tension can be brought about physiologically by increases in
sympathetic stimilation, by increasing heart rate, by endugen-
ous catecholamines, (epinephrine and norepinephrire), and
iatrogenically by drugs such as digitalis and isoproterenol.
Isolated muscle studies have showr that the maximal velocity
of muscle shortening at .ero load (Vmex) is characteristic of
the contractile state r. the muscle ard independent of the
initial mus-le length./7/ Figure3.

— ![——v——v ———r—r—r T—-—v—--r--v-—w-—]
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Fig. 3. Relauon between V ce (contractile clement velocity) and ventricular wall tension (or strese) in dmvcnmclc.
Lach curve obtained from single sovolumic contractions. A. Effects of increasing preload (LVEDP) on
force velocity rela*zon. Tension augmented without change in V max, velocity of shortening at zero load.
B. Effects of acetyistrophanthidin on force —velocity relations of normal dog ventricle. Both V mavy and

1sovolumic tension augmented. ( Repmduced with permission from Sonnenblick FH ct al Prog Cardiov Dis
12 449466 (Mar) 1970.)

Synergy of Contracticn, This has already been discussed.
If each muscle fiber is working at maximum capacity but there
is lack of coordination, obviously the heart will not function
as a pump,

In the normal resting individual there is little sympa-
thetic avtonomic influence. With muscular exercise the demand
for increase in cardiac ouiput is met primarily by increased
sympathetic activity increasing heart rate and contractility
as well as decreased peripheral arteriolar resistance in the
exercising musclas, The normal individual does not call on
cardjac reserve present in the Frank Starling mechanism to
meet this demand for cardiac output. Therefore, the diastolic
volume may remain the same or even decrease with exercise, but
it does not increagse, If there is difficulty with ventricular
function such as a primary decrease in contractility or loss

Present Concepts. VollV No 4, Apnl 197]
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of ventricular functionmal units, then this increase in sympathe-
tic tone is not enough and the Frank Starling mechanism is
brought into play. There is thenm an increased diastolic fill-
ing of the ventricle, an increased force of sjection, and the
stroke volume is normalized by this mechanism. The price of
keeping the stroke volume normal has been that the diastolic
volume is increased, thus ceusing an increased left ventricular
filling pressure (LVEDP). There is a limit to th. utllization
of this mechanism in that complicance of he ventricle is such
that LVEDP rises, causiig an increase iu pressure behind the
ventricle in the systemic and pulmonary venous circmnit. This
finally results .in the classic signs and symptoms of pulmonary
and systemic venous congestion (gallop rhythm, dyspnea, orthop-
nea, hepatomegaly, and edema). Eventually the heart cannct
keep up the cardiac output and fatigue is the primary symptom,
at first with exercise and finally at rest.

LABORATORY EVALUATION GF VENTRICULAR FUNCTION

We are cognizant that no 11i1tter what measurement we use
there remain patients with coronary disease who respond normally.
The spectrum of ventricular dysfunctiou ranges from the most
subtle abncrmalities to the most flagrant., An fdeal evaluation
would look at all the factors mentioned separately ard evaluate
each one's effect on the ventricular function.

Experimental and clinical methods of evaluating myocardial
function in the intact human being include (a) resting values —
cardiac output, stroke volume and LVEDP; (b) ventricular function
curves — relating stroke volume or cardiac work to LVEDP before
and after stress; (c) "afterload" stress; (d) "exercise factor";
(e) contractility, velocity of contraction (NOTE: the indirect
methods of measurement are not discussed because of other papers
in this symposium); (e) ejection fraction.

Resting Values

The classic method for evaluating ventricular function
relies on measuring LVEDP or its correlates: left atrial mean
pressure, pulmonary artery wedge pressure, pulmonary artery end-
diastolic pressure, or pulmonary artery mean pressure, This is
then correlated with cardiac output or stroke volume in the basal
state. It is well-recognized that many patieuts with severely
compromised ventricles can have these vasal measurements perfectly

Present Concepts, VollV No 4, April 1971
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Measurcrient of Ventricular Function in ASHD - Cheitlin

normal, and in general this is the case in many patients with
coronary arterial disease, Generally, the greater the

compromise of the coronary arterial system, the more likely one

is to have these relatively insensitive parameters abnormal.
Beczuse these resting values are frequently normal, the patient
has been atressed by a variety of means to bring out abnormmlities.

Ventircular Function Curves

In this evaluation the cardiac output, stroke, volume, or
one of its derivatives such as cardiac work, is measured before
and after stress. The type of challenge most often given is
3 muscular exercise /8/ but u variety of other stresses have been
i ueed such as atrial pacing /9,10/ or isoproterenol./11/ In
normal individuals the LVEDP usually falls by one or two milli-
meters of mercury, but if on exercise or atrial pacing there
is a decreased ventricular function, there is no fall or even
a rise in LVEDP, Thus, the Frank Starling mechanism forms the
basis for the classic ventricular function curve, where stroke
volume or its deriwvatives is plotted against left ventricular
and diastolic volume or pressure. Figure 4.

e LVEDP or PCP v C (Rest & Eaxercioe )

* NORMAL CORONARY ARTERNES ot MEST

© NORMAL COROWARY ARTEMES ¢ TXENCISE
v CORONARY o1 BEST

) r O comoNamY ¢ ERERCISE

I
i
i
8 s ] f
1
264 !
!
'

(ummg}

234 3

IOW

LVEOP o PCP

—
© B 1C i3 20 23 30 33 40 ¢35 S0 94 60 65 YO 7S 80 65 80 98 10
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Fig 4. Ventncular function cusves from 1.etterman General Hospitai experience, 1970,
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“Eactese Factor™

It is desirable to correlate the abilily to increane
cardiac ontp t with the degree of incroased demand for cardiac
output as manifested by increased total oxygen consumption.
This has been approached by measuring cardiac outprt at rest
and after exercise and dividing this by the increase in oxygen
consunptica produced ty that exercise, This ratio of increased
cardiac output in cc/min to each 100 cc/min increase in oxygen
congizaption has been called the “exercise factor"./13/ In
voruwal persons the cardiac output rises by more than 600 cc/min
for each 100 cc/min increase in oxygen consumption. Unfortun-
ately, there is a great overlap at degrees of exercise causirg
small increases in oxygen consumption between normal people
and people with myocardial disease. If the patient can be
stressed maximally, where the oxygen saturation in the pulmon-
ary artery falls to 30 percent or lower, there can be a better
geparation of patients from normals because a normal person
can achieve a cardiac output of 7.0 L/min/m? body surface area
whereas any degree of ventricular impairment does not allow
this to be achieved. I'igure 6. In coronary artery disease, angina is
usually the limiting factor and such heavy exercise cannot be

tolerated.
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Measurcment of Ventricular Function in ASHD  Cheutlin

“Afterload’ Stress

The myocardium can be stressed by changing the aortic
pressure by arteriolar vasoconstriction using methoxamine or
4 angiotensin./12/ Points can be obtained in the ventricular
function curve relating chenges in LVEDP to cardiac output.
Normally, the left ventricle can eject a similar stroke volume
against a wide range of afterloads ("homeometric autorezgulation).
When ventricular function is decreased, there is a decreased
ability to eject this stroke volume and so a fall in cardiac
output occurs. Figure 5.
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tig 5 Diagrtam showing comparison of “afterload™ stress aiter angiotensin infusion. Groups 1 to 3 repre-
sent patients with increasing abnormal ventricular function, From Ross J Jr. Braunwald |-
The study of left ventricular function 1 man by increasing resistance to ventricular cjection
with angiotensin. Crrculation 29 739, 1964. Reproduced by permission of The Amcrican
Heart Assocation, Inc,

Present Concepts, VollV Nod, April 1971




o

Lo

S e e e - T

Mcasurement of Ventricular Function in ASHD - Cheitlin

Contractility

The first derivative of the left ventricular pressure
curve (dP/dt), or the peak velocity of intraventricular
pressure development has been shown to be a sensitive indi-
cator of the level of ventricular contractility./14/ Most
of the time pressure curves are obtained with manometers at
the end of a fluid-filled catheter system. Although technic-
ally dP/dt derived from this type of curve is acceptable if
critical damping of the system is achieved, to avoid artefacts
an end-catheter micromenometer has been designed and with this
a faithful recording of the dP/dt can be obtained. Peak dP/dv
occurs at the time of aortic valve opening, i.e. at the peak
of isovolumic contraction./14/ Figure 7.

“16 86 TH

10007

gp /dt oA
mm Hg/sec

-1000

150

by 1oug

PRESS 5

rm Hg
t
504

e O 9 30C =it

I1g. 7. Simultaneous recordings of left ventricular pressure pulse (LV) and first denvative of left
ventricular pressure (dP/dt) in patient with aortic valve prosthesis. The vanous portions of the first
denvative and the corresponding segments of the pressure recording from which they were computed

are labeled. Dunng ventncular filling when rate of chnnfc of ventricular pressure 1s mimmal, dP/dt 1s

flat at a level ncar zero (segment A).  With the onset of isovolumic contraction, dP/dt rnises slowly and
then rapidly (segment B) to reach the g:ak dP/dt (point C), the maximai ratc of pressure rise, indicated
by slope of the diagonal broken hine, Peak dP/dt rsually occurs at instant of opeming of semilunar valves,
thus at peak 1sovolumic ventncular pressure, 1f aortic diastolic pressurc 1s raised to a very high level, peak
dP/dt may occur prior to opening of the aortic valve, Dunng early and middlc phases of ventricular
ejection, dP/dt descends to the baseline, and during late ejection, as intraventnicular pressure decreases,
dP/dt becomes ncgative (segment D). The rate of decrease of ventnicular pressure 1s maximal at pont |
dunng 1ovolumic reluxation (segment F). Left ventricular pressure was recorded by Jdircct necdle puncture
(Reprodiced by permussion of the author and source, Amer J Cardiol 23'516.1969.)

This has been used as a measure of contractility., Unfortunately
peak dP/dt is a complex factor depending on loading conditions
of the myocardium as well as contractile state, I'or instance,
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Measurement of ventricular Function in ASHD - Cheitlin

an increase in LVEDP or increase in aortic diastolic pressure
increases dF/dt. It thus appears that dP/dt is relatively well-
preserved during early decreases in ventricular function, mainly
by the Frank Starling mechanism,

Attempts to overcome these problems have been made by mea-
suring the dP/dt in different patients at the same commor peak
isovolumic pressures, thus minimizing the afterload effect, and
dividing this dP/dt by a measurement of end-diastolic volume,
thus minimizing preload effects./15/

Actual quantitation of the velocity of contraction of the
contractile element would be a much more accurate m.asure of
contractility if it could be independert of loading effects on
the ventricle. However, measurement c{ ventricular volume,
miscle wall thickness, as well as instastaneous intraventricular
pressure is necessary. These, so far, have been obtainable only
with angiocardiographic techniques and many sequential measure-
ments are needed to calculate wall stress and velozity of
contraction,/16/ Noninvasive techniques such as echocardiogma phy
and redioangiography are becoming available for the beat-to-beat
reasurement of wall thickness and ventricular volume, but these
methods are still in the process of being developed./17,18/

The calculation of velocity of ventricular contraction and change
of wall tension is still laberious and is therefore only used
in research studies.

A more recent approach has taken advantage of the fact that
during isovolumic contraction there is 1little change in the
geometry of the ventricle (thickness of the left ventricular
muscle and radius of the left ventricle). Since maximal dP/at
and wall tension is reached at the end of isovoluric contrac-
tion it has been possible to use the intraventricular pressure
curve and simltanaous dP/dt in place of the wall tension and
its first derivative to estimate the actual velocity of 1he
contractile element (Vce) during isovolusic contraction./11/

By plotting the calculated Vce against the simltaneous
intraventricular pressurs, it is possible to get enough points
during isovolumic contraction to extrapolate back to zero ten-
sion development and get & measurement of maximum velocity of
contraction (Vmax). This has been an exciting and valuable
development in the avproach to the evaluation of myocardial
contractility in valvular disease because it separates load-
ing effects from contractility as such., Unfortunately, since
there is such heterogeneity of contractility, such diffuse

Present Concepts., Vol 1V No 4. April 1971
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Mcasurement of Ventricular Function - Cheithn

and local collections of scar tissue, and such frequent acrner
gic contraction in coromary artery disease, one must realize
that in order to cerive Vmax from the pressure curve alone,

it is likely tnat all the assumpiions which one must make are
not even close tc reality. Figure 8.

L.7S -
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g, 8. Pressure-veloaity relation during isovolt...c contiaction before and during leg excraise in a patient
with an sortic valve prosthesis  Contractile element veiocity (\,)  was determined a« Vyy: dP/dt
divided by the product of its corresponding isovolumic preessure and the scries elastic constant. The curves
were constructed by relating Ve, to 1sovolumic pressure a¢ 5 msce. intervals from the onset of contraction
to the apening of the aortic vaive, Extrapolation of the isvolumic segment of both curves to the maximat
veloaity of wotonic shortening(\'y,. s indicated by the broken lines. (Reproduced by permssion. ) ny

It is apparent that although this will be a field fur-
ther investipated, at present it ie not clinically useful in
coronary disease,

Recently, under the impetus of work by Weissler and
others /19/ there has been a reewakened interest in the indirect
measurements of the time of isovolumie contraction which is
directly related to dP/dt. With a decrease in myocardial func-
tion, the rate of development of ventricular pressure is less
(dP/dt is decreased)/ By simultancous measurement of ECG,
indirect carotid pulse, and phonocardiogram, it is possible to
measure with good reproducibility the time intervals of several

Prescnt Concepts, Vol IV No 4, April 1971
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pertinent systolic events which reflect the duration of 1s0-
volumic contraction (preejection period (PEP) and left
ventricular ejection time (LVET)). With decreasing lef't
ventricular function, there is an increase in PEP and a
decreagse in LVET. Since these tvo measurements diverge asg
ventricular function decreases, the rati. of PEP/LVET is even
more sensitive in separating normals from patients with
decreased left ventricular function. If these measurements
prove to be gtable enough in any individual over a period of
time and to change enough with ventricular dysfunction to be
detectable before obvious clinical deterioration, this simply
done outpatient measurerent may prove to be valuable in follow-
ing the ventricular function in pavients with arteriosclerotic
heart disease, This toplc is discussed in detail in pages
311-334 of this symposium.

Ejection Fraction

Since the ultimate question is whether the ventricular
stroke volume is adequate or not for the physiologic situation,
evaluation of the left ventricular contraction by cineangicgra-
phy has proved to be most helpful, By this method we can cal-
culate the degree of asynchrony present in the contraction as
well as the percent of end-diastolic vclume (EDV) ejected with
asach stroke, i.e. the ejection fraction.

Normally over a wide range of diastolic filling volumes
and afterloads, the ratio of stroke volume (SV) to end-diastolic
volume (EDV) or percent of FDV ejected is kept consta'it at 60
to 80 percent, /.';8/ If there 1s a decrease in contructility,
the ejection fraction will decrease below norual. /21/ Left
ventricular angiograms done in the right anterior oblique (RAO)
position enable us to measure the end-systolic and end-diasto-
lic volumes, and by subtraction, the stroke volume. Therefore,
from these angiograms, the SV/EDV, or ejection fraction, can
be measured. Figures 9 and 10.
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Fig. 10. Cincangiogram in right
anterior oblique view with super-
imposed drawings of ventricular
contraction, End-diastole = 1;
endsystole = 5. There is hypo-
kinesis of diaphragmatic surface
caused by disphragmatic infarction.
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COMMENT

We recognize that no one measurement will pick up an
abnormality in every patient with coronary disease, In fact
there is good evidence /23/ that abnormalities of ventricular
function are more common the greater the mumber of obstructed
coronary arteéries a patient hes. When evaluating patients with
coronary disease for surgery, however, we consider that those
patients who can (1) perform submaximal work without an in-
crease in LVEDP, (2) can increase cardiac output appropriate
to the increase in total body oxygen consumption, and (3) can
eject a norzal percent of their EIV (normal ejection fraction)
are for all practical purposes still functioning "normally".

It is certainly possible that they may have a decrease in their
maximal ability to function, but this decrease probably haa
little clinical significance when evaluated in terms of whether
or not they will benefit from a surgical procedure. We also
have found that the greater the mmber of functional abnormali-
ties the more probable it is that the person has a seriously
compronised ventricle, If we can show that the compromise is
on the hasis of dyssynergic contraction or diastolic over.oad
(by mitral insufficiency or aortic insufficiency) and that the
ejection fraction is still normal in spite of the large left
ventricular end-disstolic volume or high LVEDP, then we can
hope to improve the patient's condition by surgically relieving
him of this exceas hemodynamic burden.

It has baren suggested that there is  mprovement in ventricu-
lar function after bypass of coromary srterial obstruction by
saphenous vein grafts. So far, this is still a suggestion and
we must await serial studies of ventricular function in order
to provs such a speculation, What is certain at the present
*izs i1s that the more compromised the ventricular function, the
higher 1s the murtality rate and the lesser the benefit derived
from coronary revascularisation. For these reasons it is impera-
tive to define the status of ventricular function to the best of
our ability in those patients being considered for surgical
coronary revascularization,

FPresent Concepts, Vol IV No 4, April 1971
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CARDIAC T'!M:< INTERVALS
Usc in the Bedside Evalnation of Cardiac Performance in Man

MA]J David R. M/ _onahay, MC

For many years, cardiovascular physiclogists have
endeavored to translate information obtained from graphic
records of the acoustic and pulsatile phenomena of the
cardiac apex, precordium, and arteries, into meanivgful
clinical measurements of the hesrt's performance in man.

Much useful data have been gleaned from an analysis of the
contour of these pulsations btat until recently few clinically
applicable expressions of cardiac performance had evolved.

With the awareness that the temporal phenomena of the cardiac
contraction cycle may provide a bedside meusure of cardiac
function, there has been a resurgence of enthusiasm for the
noninvasive evaluation of cardiovascular dynamics and myo-
cardial performance, It is now appreciated that changes in
the more usual expressions of cardiac function such as vol-
umes, flows, or pressures, are accompanied by alterations in
the temporal course of the cardiac cycle which can be recorded
and measured by presently available graphic techniques., Mea-
surement of such . stolic and diastolic time intervals using

a simultaneously recorded indirect carotid pulse tracing,
electr: :ardiogram, phonocavdiogram, and apexcardiogram may
offer a safe, convenient, 19producible, and potentially con-
tinuous meane of detecting (hanges in such dynamic varisbles

in left ventricular (LV) function as cardiac nutput, stroke
volume, myocardial "contractility", left ventiicular dp/dt, and
left ventricular ejection fraction./l/ The use of these time
intervals as prognostic indicators in patients with acute myo-
cardial infarction is presently being explored; and the appli-
cation of these intsrvals in the indirect assessment of left
ventricular myocardial function in patients with chronic
coronary heart disease is also being investigated./2,3/ Use of
these techniques also allows a noninvasive serial assessment

of cardiac performance in patients with valvular heart disease
before and following prosthetic valve insertion with the poten-
tial capacity for detecting subtle alterations suggesting
prosthetic dysfunction. Such techniques may even find use in
the fields of aerospece w21 oceanograpl.; when more practical and
effective methods are required for monitoring circulatory changes
and the effects of gravitational stress on the human circulation.
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Cardiac Time Intervals = Mc Conahay

Optimal appreciation of these auscultetory and palpatory find-
ings requires certain "present concepte® of the electrical and
mehanical events occurring during the normal cardiac cycle.

Before discussing each of the time intervals of the cycle, a
brief review of the indirect reference tracings used in the
derivation of these intervals will be presented with emphasis
on the genesis ot each tracing's component parts and on the
rationale for selecting certain of these parts for the measure-
ment of the variovs cardiac intervals,

INDIRECT REFERENCE TRACINGS

ELECIROCAK DIOGRAM (E' G)

The standard 1limb lead which inscribes the earliest
deflection, preferably & well-defined Q wave, is selected for
meagurement of the onset of ventricular depolarization. Lead
II most commonly fulfills these criteria.

INDIRI C1 CAROTID PULSE TRACING

A record of the carotid arterial pulse 1s obtained from
the right carotid artery at the point of maximal pulsation
between the sternoclavicular jolnt and the angle of the jaw
w. *h the subject's face turned slightly to the ieft. The caro-
tid pulse wave represents the transmission of the central pres-
sure wave generated by the rapid displacement o1 olood from the
left ventricle into the aorta. Two points must be clearly
defined for the purposes of measguriig systolic time intervals:
(1) the point of or'zin of the upstroke of the carotid artery
percussion wave (UAy), the peak of which represents peak aortic
flow, and (2) the steep downward deflection interrupting the
descending 1imb of the pressure pulse, the trough of which
represents the incisura (CAn) separating the systolic and
diastolic phases of the carotid pulse, This CAIn is related to
the closure of the aortic valve.

* The CAu defines the moment of onseit of the left ventricu-
lar ejection if correction is made for the time required for
transmissicn of the pulse wave from the ascending aorta to the
carotid artery (pulse transmission time = FTT), This PTT may
be defined as the interval between the aortic component of the
second heart sound (A2) on the phoriocardiogram and CAIn tecause

Present Concepts, Vol IV No 4, Aprnil 1971
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Cardiac Time Intervals - McConahay

A2 coincides with the CAIn in the absence of a delay in pulse
transmission. The indirect carotid tracing is alsc a superior
reference tracing for the timing and identification of A2 and
thus for the separation of A2 from the pulmonic component of
the second heart sound.

PHONOCARDIOGRAN /4-%/

Phonocardiography is basically the graphic representation
of the sounds originating in the heart and great vessels. The
recent use of precise ingtrumentation with simmltaneous record-
ings of intracardiac sound and pressure events in conjunction
with cineangiographic procedures has shown that an abrupt change
in local blood flow, 1.e. sudden acceleration or deceleration
within the "cardiohemic" system, is responsible for the produc-
tion of heart sounds./6,7/ Any sudden obstruction to blood
flow as a result of sudden tensing of an intracardiac structure
as it reaches its elastic limits results in a corresponding
sudden change in the blood's womentum. Consequently, the entire
system is set into vibration — the high frequency vibrations
are appreciated as heart sounds vnd the lower freque..~y compon-
ents as pressure phenomena,

First Heart Sound (#1) 710/

In the normal cardiac cycle, as the left ventricular pres-
sure rises initially during isovolumic contraction, mechanical
forces are genersted which induce a ballooning of the apposed
mitral valve leatlets toward the left atrium as the mitral
valve apparatus ascends away from the apex./11/ As these leaf-
lets,and their papillary muscles and chordae tendinae, are stretched
to their elastic 1imits and this mitral ascent is abruptly
stopped, blood flow in that direction is suddenly decelerated;
vibrations of all left ventricular structures including the closed
mitral valve are then established coincident with both the inscrip-
tion of the peak of the left atrial "c" wave and the mitral com-
ponent of the first heart sound (ML). It is important to
appreciate that the pressure crossover between the left atrial
and left ventricular pressures with the associated mitral valve
closure occurs during the ascent phase of the mitral apparatus
and therefore actually unticipates the first heart sound by 15-

30 milliseconds. Ml itself is generated not by the collision
of the mitral valve margins but by the deceleration of blood
which occurs as the mitral wvalve reaches the point of its
meximal ascent,/12/

Present Concepts, Vol 1V No 4, Apnil 1971
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Second Heart Sound (A2)

During the remeinder of systole the mitral walve complex
is again drawn toward the left ventricular apex. The aortic
component of the second heart sound (A2) then occurs near the
peak of the left atrial "v" wave as the left ventricular pres-
sure is falling. Classically, A2 has been assumed to be due
to closure of the aortic valve but has recently been shown to
begin at the onset of the phase of rapid deceleration of for-
wvard aortic flow coincident with the trough of the incisura of
the central aortic pulse. The onset of this rapid deceleration
phase actually occurs while forward flow is still going on and,
in fact, occurs approximately 25 milliseconds before the nadir
of aortic flow, the latter being the point at which the aoriic
valve presumably closes./9/

Third Heart Sound (S3) and Fourth Heart Sound (54)

The other commonly described heart sounds are likewise
currently attributed to abrupt acceleration or deceleration of
local blood flow. The third heart sound (S3) whether a physi-
ologic left ventricular filling sound or the protodiastolic
gallop of congestive heart failure is related to transient
vibrations or oscillations resulting from deceleration of the
rapid inflow of blood into the left ventricle as the limits of
ventricular relaxation are reached, This S3 closely coincides
with the peak of the rapid filling wave (RFW) of the apex-
cardiogram as described below., Similarly, a fourth heart sound
(S4) may be attributed to oscillations set into motion by
decelerating blood as it strikes a noncompliant left ventricle
following left atrial contraction.

Opening Snap (0.5) /7.10/

The opening snap (0.S.) in mitral valvular stenosis occurs
after the peak of the left atrial "v" wave and after the cross-
over of the left atrial and left ventricular pressure curves./1l/
This 0.S. coincides with the end of the downward movement of
the mitral apparastus when the mitral valve is abruptly halted
at the point of its meximal downward excursion. Again, the
entire cardiac gystem of valves, blood, and walls is presumably
thrown into a state of vibration from this sudden deceleration,
and the resulting high frequency vibrations are recorded as
sound phenomena on the phonocardiogram, This 0,S. approximates
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the "0" point on the apexcardiogrum and can therely be easily
differentiated from an S3 which occurs somewhat later on the
apexcardiogras near or at the peak of the rapid filling wave.

AP XCARDIOGRAM 71319/

The apexcardiogram (ACG) is an indirect means of evaluat-
ing left ventricular function by recording low frequency, i.e.
0.1 - 20.0 cycles per second (c.p.s.), displacements of the chest
wall over the cardiac apex. Tracings obtained in this manner
can be used to time certain cardiac events such ag atrial svs-
tole, the onset of left ventricular contraction, and mitral
valve opening and to evaluate not only the onset but also the
rate of left ventricular filling, The ACG is the only indirect
method available for agsessing the diastolic events of the left
ventricle. To record an ACG, the point of maximal ‘mpulse at
the apex is identified by palpat.on and the left veatricular
origin of this impulse confirmed by recording an ECG from this
point. A microphone transducer is then applied by hand to the
chest wall at this point, and tiie ACG is recorded in mid-
expiration. The outward snd inwt.»d movements of the apical
impulse in normal individuals are graphically shown on the
bottom (ACG) curve in Figure 1.

"A" wvave, A small "A" wave representing left atrial con-
traction is coincident with the fourth heart sound (S4) on the
phonocardiogram and occurs shortly after the P wave of the ECG.

ACGy and "E" point. A brisk upstroke (ACGy), beginning
20 -~ 30 milliseconds after the onzet of the QRS complex and
coinciding with the onset of left ventricular contraction,
representg the rapid gystolic wave which reaches a maximal peak
(Ejection or "E" point) at a time spproximating mitral valve
closure and aortic valve opening.

"O" point., After the "E" point, a repid fall cff and
then a plateau, and finally another sharp and rapid drop at
the end of systole is recorded which reaches a nadir ("O" point)
near the time of AV valve opening and the beginning of the rapid
diastolic filling phase of the left ventricle.

RFW. Subsequent early diasteolic filling is represented by
a sharp rise to a definite peak (yapid filliig wave - RFW),
this peak being coincident with an S3 as recorded on the phono-
cardiogram,

*Figure 1 appears on the next page  Since reference 15 made repeatedly to this figure a copv on a blue ward
has also been placed in an envelope attached to the inw Je of the back cover of the sy mpouum  We hope
that 1t will be heipful to the reader to have this figure * nobile™, -— I DITOR
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Fi61 Indirect Reference Tracings.

The points indicateg in the diagram are used in measurement of cardiac time
intervals. The vertical hines {numbered left to right 1 through 10) have been
drawn so as to dencte sequence of events and to aid in the comparative reading
of the four types of indirect reference tracings.

ECG - electrocardiogram with P-wave and QRS-wave complex indicated

Carotid Artery = indirect carotid artery pulse tracing
u = upstroke [pont of orign of the carotid artery upsiroke {CAy))
In = carotid incisura {point separating systohc and diastolic phases of carotd pulse (CAfn))

Phono. = phonocardiogram

S4 = ftourth heart sound

M] = initial high frrguency vibrations of mitral component of first heart sound
A2 = imtial high frequency vibrations of aortic component of second heart sound
0.5S. = opening snap

53 = third heart sound

ACG = apexcardiogram
A = left atnial contraction
u - upstroke of ACG

E - ejection point

O - nadir

RFW = rapid filling wave
SFW = slow filing wave

Present Concepts, Vol IV No g4, April 1971
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SFW. From this point, the RFW is replaced by a slower
rising wave (slow filling wave - SFW) which ends at the level
of the succeeding "A" weve at the completion of passive aias-
tolic filling. ’

Comment :

Several points regarding these components of the ACG deserve
further comment, The "A" wave represents the effect of the left
atrial contraction on left ventricular filling (the "atrial kick")
and thus provides a measure of the compliance characteristics
or distensibility of the ieft ventricle. With a reduction in
myocardial compliance, commonly seen in the presence of left
i ventricular hypertrophy or myocardial ischemia, a more forceful
% left atrial contraction is required to complete ventricular fill-
| jng, and necessarily a more prominent "A" wave is generated./20/
; When the amplitude of this "A" wave exceeds 15 percent of the
E total deflection of the ACG, an impedence to left ventricular
| filling should be suspected./21-23/ In the presence of atrial
' fibrillation or mitral stenosisg, this "A" wave is absent.

T TR T R ST AT T e e e

k The onset of the initial rapid systolic wave (ACGy) occurs
i approximately 25 milliseconds after the QECG and represents the
first detectible mechanical event of left ventricular systole,

i.e. an increase in left ventricular intramural pressure which

anticipates the initial rise of left ventricular intracavitary

pressure by 15-20 milliseconds.

The ACG also enables one to differentiate the splitting of
the first heart sound (S1) from a systolic ejection click
because the former precedes the systolic peak ("E" point") by
approximately 20 milliseconds whereas the latter follows this
"E" point by 40-80 milliseconds. The ACG is also extremely use-
ful in identifying a mitral opening snap (0.S.) and distinguish-
ing it from either the second heart sound or an S3, Although
the "0O" point is actually delayed 15-30 milliseconds after the
crogsing of the left atrial and left ventricular pressure
curves in patients with mitral stenosis, the approximation of
this "O" point ana an early diastolic sound provides the best
confirmatory evidence that this sound is in fact an 0.5, As
already stated, an S3 would coinclde closely with the peak of
the subsequent rapid filling wave.

Thus, the ACG is a complex tracing which reflects not only
intracardiac pressure events, but also changes in left atrial
function and left ventricular volume, compliance, and position.

Present Concepts, Vol IV No 4. April 1971
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CARDIAC TIME INTERVALS*

With this knowledge of the underlying intracarii~c elec-
trical and mechanical events as they relate to portions of each
reference tracing, we can now better appreciate the hemodynamic
significance of the time intervals derived frcm these indirect
tracings and explain most of the aiterations in these intervals
which occur with certain mechanicsl, pharmacologic, or pathologic
interventions. The cardiac cycle may be divided into the follow-

ing phases:/24/

PHASE EXPLANATION

Total electromechanical systole. .. ............. cv.. poge 318
Precjection period. . .. ... ... vsun e, .. page 319
Electromechanical lag. . . ... ..o oo vue.o.on page 326G

Isovolumic contraction time. .......cvs...... page 324

Left ventricular ejection fine. ... ....... ..., page3M
Protodiastole. . .. .................. o L., page 325
Isometric relaxation time. . .. ................ e+.+  page 326
Rapid inflow' period. . .. ....... .. ... ... it page 327
Siow inflow period (diastasis). . ... ................ page 327
Atrial systole. ... .. ... i i page 327

Total electromechanical systole (1-6)

Total electromechanical systole encompasses the entire
period of left ventricular systole from the onset of the ven-
tricular depolarization as measured by the onset of the QRS
complex on the ECG (Q) to the first high frequency vibrations
of the aortic component of the second heart sound (A2). This
Q-A2 interval may be influenced by many interventions (Table I),
but is best considered in terms cf its component parts, the
pre-ejection period and left ventri ular ejection period.

*APPENDIX, page 334 prownides the reader with a referenced hist of “normal” values,

Present Concepts, Vol IV No 4, Apri 1971
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TABLF |

TOTAL ELECTROVECHANICAL SYSTOLE

Shereened by. . . Prolonged by . . . Unaffected by. . .
Tachycardia Left bundle branch block Congestive heart faiture
Acute myocardial infarct Aortic stenosis and Change in stroke volume
Inotropic mterventions insufficiency Change in aortic pressure

(digatahis, epinephrine) Increasing age Change in aortic prcssure
Amy ) annte Respiation
t wrum [Cat+] Right bundle branch block

Lvan g

Pre-cjection period (-6 minus 4-7, Figure 11281

The pre-ejection period (PEP), the period from the onset
of electrical systole to the onset of actual left ventricular
ejection, is obtained by subtracting the left ventricular
ajection time (LVET) from the total electromechanical systole
(Q~A2)., This interval is responsive to a mumber of interven-
tions (Table II), but the pathophysiologic significance of
these changes in PEP are ideally appreciated in terms of the
changes in the two intervals making up the PEP, i.e., the
eleciromechanical lag and the isovolumic contrection time.

TABLYE I

PRE-EJECTION PERIOD

Shortcned by, Prolonged by... Unaftected hy...
} vercase-induced Aortic hypertension Atropine or pacing-induccd
tachycardia Congestive heart fatlure tachycurdia
1 stroke volume Left buadle branch block Respiration
t cardiac output Acute myocardial infarct Right bundle branch block
Inotropic intervention | stroke volume
(dintahs, soproterenol) { cardiac output
Amyl mtnte 4 left ventricular end-
Hyperthy roidism t diastolic pressure
Aortic hypotension 4 extent of coronary artery
Aortic stenosis and disease
insufficiency Passive head up tilting
Hypothyroidism

Pulsus alternars
Increasing age

Present Concepts, Vol 1V No 4, April 1971
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“ne electromechani~al lag represents the delay in onset
of izft ventricular mechanical activity following the spreed
of electrical activity across the ventricle. The onset of this
intervul is defined by the onset of the ventricular “epoleri-
zation as recorded on the ECG (Q). However, the on‘at of the
mechanical cvents is still disputed and has been r.st commonly
defined as eitiner the initial high frequency vib.ations of the
first heart sound (Ml) as recorded on the phouocardiogram, or
the beginning o" the rapid upstroke of the apexcardiogram (ACGu).
Since this ACG vpstroke represents the change in configuration
of the left ventricle with the earliest detectable movement of
left ventricular contraction coincident with the rise in intra-
mral pressure, and since it actually precedes by 15 milli-
seconds the left ventricular intracavitary pressure rise, the
ACG offers the best source for detecting the onset of left
ventricular mechanical activity./24/ In the absence of a suit-
abls ACG, the use of ML will suffice although it occurs approxi-
mately ?0 milliseconds after the onsev of left ventricular
mech nical activity.

% Flectromechanical lag 126/ (i-2 or 1-3, Figure 1) ’

Significance of electromechanical lag

The electromechanical lag represents the time necessary
for the conduction of an electrical impulse throughout the
myocardium and for the translation of this electrical energy
into mechanical activity. At the myocardial cellular level,
this lag results from complex ionic changes across the cell mem-
brane and from the subsequent activation of the contractile
elements of the myocardial fibers (excitation-ccntraction
coupling). The Q-Ml irterval which is commonly measured has
the same physiologic gignificance as the time required for the
ascent phase of the mitral valve complex which is related
to the motion of the mitral anmulus. The Q-Ml mey be prolonged
by meny factors (TABLE III), one of the most important clinically
being mitral stenosis./27/ This prolongation in mitral stencsis
is att.ibuted to the longer time required by the left ventricle
to develop pressure sufficient to drive the mitral valve to a
point of maximal upward excursion in the presence of an increased
left atrial end-diastolic pressure. If the Q-Ml exceeds 80 msec,
severe mitral stenosis is often present.

Unfortunately, the electromechanical lag is often too brief
to permit accurate reproducible measurements.

Present Concepts, Vol IV No 4, Aprd 1971
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TABLF 111

ELECTROMECHANICAL LAG

Prolonged in...

Systemic hy pertension
Congestive heart failure
Leit bundle branch block
Acute myocardial infarct
Mitral stenosis
Wolff-Parkinson-White syndrome
Ventnicular septal defect
Atnal septal defect
Patent ductus artenosus
Ebstein's anomaly

Aortic insufficiency

lsaovolumic contraction time 128.29/ (2
or 3-6 minus 4-7, Figure 1)

-4 minus 6.7, 2-5, 3-5, 3-4 mnus 6-7,

The isovolumic contraction time (IVCT) begins with the onset
of LV myocardial tension and ends with the onset of LV ejection.
Initially the LV wall tension is translated into movement
detectible by the ACG, and then into rising intracavitary pres-
sure without a corresponding change in volume. The IVCT ends
when the LV intracavitary pressure exceeds the aortic diastolic
pressure at which time the aortic valve opens and a rapid
reduction in LV volume cccurs coincident with ejection., Many
different methcda have been used in an attempt to define the
IVCT indirectly; the most reliable of these uses the rapid
upstroke of the ACG (ACGu) to define the onset of left ventricular
miscle tension and the upstroke of the indirect carotid pulse
(CAu) corrected for the delay in pulse transmission as the point
coincident with the onset of LV ejection. The correction factor
for pulse transmission time (PTT) in the equation IVCT = ACGy -
(CAy - PIT) represents the lag in central pulse transmission
from aortic root to carotid artery and is defined as the interwal
between A2 on the phonocardiogram and the trough of the incisura
of the carotid pulse tracing since A2 should virtually coincide
with this incisura in the absence of a pulse transmission delay,

The use of Ml to indicate the beginning of left ventricular
wall tension is less optimal because it occurs after the onset

Present Concepts, Vol 1V No 4, April 1971
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Lardiac Time Intervals - McConahay

of mechanical activity, and because its timing may occasionally
be varied by simply changing the position of the microphone
transducer, Likewise, using the ejection crest or "E point®

of the apexcardiogram to define the onset of left ventricular
ejection is unsatisfactory because this point actually follows

LV ejection and the initial aortic pressure rise by 35-40 milli-
seconds,

In patients with an aortic valvular prosthesis, the IVCT

may be estimated by measuring the interval from Ml to the pros-
thetic opening click.

Significance of IVCT

The factors reported to affect the pre-ejection period (PEP)
have been shown to exert closely similar changes in the duration
of the IVCT (TABLE IV). In fact, since the electromechanical
lag is so brief, changes in the PEP result mainly from changes
in its major component, the IVCT. Thus, the implications of
alterations in either of these intervals are essentially the
same, so they will be discussed together.

TABLF IV

ISOVOLUMIC CONTRACTION TIME

Shortened by... Prolonged by... Unaffected by...
t stroke volume Aortic hypertension Age
Inotropic interventions Congestive heart failure Pacing-induccd tachycardia
(digatalis, sympathetic Left bundle branch block

stimulation, catecholamines) Acute myocardial infarct

Tachycardia 1 stroke volume
Hyperthyrodism 4 left vemtricular dp/dt or
“contractility”
Hypothyroidism
Bradycardia

Pulsus alternans

The PEP and IVCT offer a nontraumatic means of estimating
the velocity of isometric contraction of the myocardium and
therefore indirectly a means of estimating myocardial "contractil-
ity". This "contractility" (as mirrored by the IVCT) is a major
determinant of myocardial 02 consumption, and in fact, most of
the 02 consumed by the myocardium is used to create tension during
this period of isr.ovlumic contraction, The PEP and IVCT represent

a direct expression of a sum of the factc»s comprising "contmectility",

Present Coneepes, Vol IV No 4, April 1971
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especially the left ventricular dp/dt, or the rapidity with
which the left ventricle generates pressure during isovolumic
contraction to the point of ejection./30/ This LV dp/dt, the
key determinant of the IVCT, is a linear function of the pro-
duct of left ventricular end-diastolic stretch and volume; and
the ratio of LV dp/dt to the integrated isovolumic ‘ension is
currently widely used as a mors quentitative measure of myo-
cardial "contractility". The duration of the IVCT and FEF
varies inversely with LV dp/dt, which is, in turn, directly
related to "contractility"./31/ Thus, the IVCT and PEP provide
an index, if only an approximation, of these crucial inter-
related parameters of left ventricular function.

Any factor which compromises myocardial "contractility"
or the ability of the myocardium to generate pressure rapidly
will prolong the IVCT and PEP, Therefore, a deficient rate
of myocardial force development secondary to defects in either
the number, organization, or synchrony of the myofibers as
found in congestive heart failure will increase the time required
for the intraventricular pressure to attain aortic diastolic
levels. This lengthening of the IVCT in the face of a relatively
constant total duration of electromechanical systole will neces-
sarily encroach on or shorten the subsequent systolic ejection
period and reduce strol’e volume. Also, a reduced velocity of
myocardial fiber shortening during this abbreviated period of left
ventricular ejection will further diminish the expected stroke
volume.,

This dependency of the IVCT and PEP on myocardial "contractil-
ity" and on the rete of rise of LV pressure during isovolumic
contraction (LV dp/dt) explains the alterations in these systolic
time intervals in patients with coronary heart disease. PEP
prolongation has been found to be directly proportional to the
number of coronary arteries involved at coronary arteriography.
/32/ Measurements of the IVCT also may permit statistical separa-
tion of patients with chronic coronary heart disease from those
with acute myocardial infarction /33/ and have been found to be
most prolonged in patients with extensive fatal infarcts. In
fact, one study found significant progressive alterations in
PEP and left ventricular ejection time in patients with increas-
ingly severe manifestations of coronary heart disease, i.e.
noninfarcts but known coronary heart disease ( acute subendo-
cardial infarcts ( acute nonfatal transmural infarcts (acute
fatal transmural infarcts./34/

The intervals, PEP and IVCT, are also dependent on the left
ventricular and aortic pressures and the differences between these

Present Concepts, Vol 1V No 4, April 1971
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pressures from the onget of LV contraction to the onset of
ejection. At a constent left ventricular end-diastolic pres-
sure and constant LV dp/dt, the IVCT is determined by the
pressure at which the aortic valve opens./31/ Thus a higher
sortic diastolic pressure would be expected to prolong the
time necessary for tr ., left ventricle to exceed this aortic
pressure and thus v..1l prolong the IVCT, However, since
aortic Ciastolic pressure is usually maintained within a
narrow range, the IVCT and PEP primarily reflaect inverse
changes in the LV dp/dt.

Because the IVCT sacrifices accuracy in those patients
in whom an ACG cannot be obtained and in whom tae onset of
the initial compo.2nts of Ml are difficult to determine, the
easily and accurately measured PEP is now generally used to
detect alterations in the duration of isovolumic contraction.

Left ventricular cjection period 3536/ 4.7 or 5.6, Figure 1)/ %/

The second couponert of total electromechanical systole,
the left ventricular ejection time (LVET), represents the
isotonic phase of left ventricular systole and in thc final
analysis is a function of the mean rate of myocardial fiber
shortening, The most widely accepted measure of the LVET uses
only the indirect carotid artery tracing, measuring from the
beginning of the carotid upstroke (CAy) to the trough of the
incisura (CAIp). This method assumes that the time from the
onset of LV ejection to the onset of CAy is equal to the time
from the end of LV ejection to the CArp. This has been shown
to be a valid assumption, and the LVET derived from an indirect
carotid artery tracing agrees closely with ar LVET similarly
derived frca an undamped central aortic pressure tracing./37/

Significance of left venr ‘ular eiection penod

The indirect assessment of LVE" is another valuable
adjunct in the bedside assessment of lert ventricu'a- perfor-
mance, As ghown in TABLE V, many factors can influence its
duration. The heart rate is the most important determinant of
LVET in normal subjects./38/ The next most important determin.-
ant of LVET is the stroke volume index (SVI) which explains the
prolonged LVET in patients with aortic insufficiency (increased
true SVI). The LVET is also prolonged in patients with aortic
stenosis, but in these cases the prolongstion is due to the
associated reduction in velocity of myocardial contraction
secondary to the excessive load placed on the left ventricle
ov the high ~utflow resistance. Paradoxical splitting of the

Present Concepts, Vol {V No 4, April 1971
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gsecond heart sound in severe aortic stenosis or severe systemic

hypertension may be explained by this prolongation of the LVET./39/
Because of the reduction in sympathetic nervous tone and myocardial
"contractility" anc¢ the increase in aortic impedance with .increas-
ing age, the LVET increages in duration approximately 2.0 milli-
seconds per decade./40/

TABLE V
LFFT VEN “SCULAR EJECTION PERIOD

Shortened +y... Prolonged by... Unaffected bv...

fachycard;. Bradycardia Chronic changes in aortic
Congestive hean falure t stroke volume blood pressure
Left bundle « ranch bicck t cardiac output Left ventnicular end-diastolic
Acute myocardial infarct Hypothyroidism pressure
, 4 stroke volume t age Extent of coronaiy artery
N { cardiac output ¢ serum {Ca++}) discase
k Inotropic mterventions Amyl nitrite Rospiration
(digitalis, ssoproterenol) Aortic stenosis and Right bundle branch block
Hyperthyroidism insufficiency
1 scrum [Cat+) Acute marked aottic
Passive head up tilting hypertension
Pulsus alternans

Patients in congestive heart failure exhibit a diminished
LVET not only btecause of an associated reduction in SVI secon-
dary to depressed myocardial function but also because of the
delay in aortic valve opening caused by a prolonged IVCT occur-
ring in the face of a stable total syatolic duration. In patients
with acute myocardial infarcts, the LVET is shortened primerily
because of the associated reduction in myocardial "contractility"
but also because of a reduced SVI secondary to associated ven-
tricular asynergy, papilliary muscle dysfunction, or altered left
ventricular compliance, The LVET is, however, not well correlated
with LV end-diastolic pressure or the extent of coronary arterio-
graphic disease in patien.s with chronic coronary artery disease.

- ; Finally, the dosa dependant abbreviation of LVET caused b
" ' digitalis offers a potentially useful technigue for assaying
the effects of digitalis on left ventricular myocardium./41.42)

Protodiastole

Protodiastole is the brief interval between the end of LV
ejection and the beginning of iscmetric relaxation. Since it is

Present Concepts, Vol lV No 4, April 1971
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usually calculated with the ejection period (LVET), it will not
be considered further.

Isometric relaxation period (6-8, Figure 1) 4%/

The isometric relaxation period (IRP) represents the time
between the closure of the aortic wvalve and the opening of the
mitral valve coincident with the commencement of diastole when
the rapidly falling left ventricular pressure crosses th~ left
atrial pressure. The time of closure of the zortic valve is
measured on the phonocardiogram from the onset of the high fre-
quency vibrations of the aortic component of the second heart
sound (A2). The "O" point of the ACG is used to approximate the
opening of the mitral wvalve although this point actually corres-
ponds not with the mitral opening itself but rather with the
direct hemodynamic consequences of the mitral opening. The "O"
point follows the mitral opening by 5-30 milliseconds, but for
the purposes of measurement of the IRP, this systematic error
can be ignored.

Sigmficance of the isometric relaxation period

Although the IRP is dependent on left atrial and aortic
pressure as well as left ventricular pressure, it is the down-
slope of the LV pressure curve which is primarily responsible
for the duration of the IRP, Either aortic or atrial pressure
would have to move outside the physiologic range to appreciably
change the IRP, if the LV pressure downslope remained constant.

The IRP may also be delayed by either an early closure of
the aortic valve or by a delayed onset of ventricular filling.
TABLE VI 1ists those influences which have heen reportzd to
alter the IRP. The delay in ventricular relaxation associated
with aging has been attributed to diminished myocardial elas-
ticity in the elderly./44/ Such a prolongation in the IRP may
partially explain the reduced tolerance of tachycardia common
in the s1derly patient,

These alterations in the rate of ventricular relaxation
appear to be determined at the cellular level primarily by
the ability of the sacroplasmic reticulum to release and reaccum-
ulate ionic calcium, the converse of excitation — contraction

coupling./24/

Preseat Concepts, Vol IV No 4, Aprilq 197]



TP TR A

e e o e e 2

Cardiac Time Intervals - McConahay

TABLE VI
ISOMETRIC RELAXATION PERIOD

Shortened by .. . Prolonged by. . . Unaffected hy., , .
Exercise-induced Increasing age Atropine or pacing-
tachycardia Digitalis induced tachycardia
Isoproterencl

Rapid inflow period (8-9, Fizure 1)

As diastole 1s ushered in by AV valve opening, blood
surges into the relaxed ventricle at a time when ventricular
pressure 1s falling rapialy, Most of the ventricular filling
is accomplished during this rapid inflow period which is
measured on the ACG as the rapid filling wave (RFW). This
RFW extends from the "O" point to the point where the subsequent
steep rise merges into a slower filling wave. The peak of the
RFW coincides with the moment when the intraventricular pressure
reaches its lowest point and corresponds with both the early
diastolic dip of the LV pressure tracing and with the third
heart sound (S3) or protodiastolic gallop. This rapid inflow
period is greatly diminished or absent in patients with signifi-
cant mitral stenosis or pressure overload of the left ventricle
but 1s accentuated in those with predominant mitral insufficiency
or volume overload of the left ventricle.

Slow inflow period (9-10 Figure 1)

The slow inflow period or diastasis is defined by the
slow filling wave (SFW) on the ACG and extends from the peak
of the RFW to the onset of the "A" wave of the next cardiac
cycle, This period is characterized by very little change in
left ventricular volume and is that portion of diastole which
is most compromised by an increasing heart rate.

Atrial systole (70.2, Figure 1)

This period represents the efiects of left atrial con-
traction on left ventricular filling and is measured on the ACG
from the onset of the "A" wave to the onset of the rapid systolic
wvave (ACGy). Atrial systole contributes 15-25 percent of the
total left ventricular diastolic volume at normal heart rvates
and even greater amounts at more rapid rates, The intformation
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which may be obtained from an analysis of the "A" wave has
been discussed under APEXCARDIOGRAM.

CONCLUSIONS

The measurement of systolic and diastolic time intervals
can now be obtained from such noninvasive techniques as the
simultaneous recording of the electrocardiogram, phonocardio-
gram, apexcardiogram and carotid arterial pulsation. This
review has attempted to define these intervals in terms of the
underlying cardiac events and to present the reported hemody-
namic and clinical correlations afforded by such measurements.
The most recent intersst has been focused on determinations of
certain gystolic time intervals, particularly the PEP or IVCT
and the LVET, In fact, the ratio of the PEP to the LVET
(PEP/LVET) mey offer the most promise for widespread acceptance
and application./45/ This ratio does not require the use of
the ACG, a technique which is often precluded in obese or heavily
muscled patient3 or in patients with obstructive pulmonary
disease. Further. this ratio remains within narrow limits in
normal patients even when uncorrected for sex and heart rate
yet incorporates and accentuates the information obtained
from either the PEP or the LVET alone, since these intervals
tend to vary inversely in the presence of myocardial dysfunction.

Impaired intrinsic contractile performance characteristics
in either hypertrophied or failing myocardium are reflected in
a reduced velocity of contraction for any given load (reduced
"contractility") and in a reduced peak rate of left ventricular
pressure rise during isovolumic contraction (reduced LV dp/dt).
This deficient force development in early systole causes (1) a
reduced rate of rise of intraventricular pressure throughout the
PEP thus prolonging the PEP, and (2) an abbreviation of the
subsequent LVET because the duration of total electromechanical
systole is relatively constant., The PEP and LVET therefore are
altered in opposite directions in the presence of impaired myo-
cardial function.

An increased ratio (PEP/LVET) may suggest not only a dimin-
ished cardiac output or stroke volume but alsc provide a semi-~
quantitative expression of the degree of flow impairment as well.
A highly significant inverse correlation between PEP/LVET and the
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LV ejection fraction as determined angiographically has been
found even in the presence of valvular insufficiency./1,46/
Also, a significant positive correlation has been noted with
the LV end-diastolic volume./46/ This ratio is reported to
rise with increasing peripheral resistance, with beta-receptor
blockade (propranolol), with the assumption of the upright
position, or during peripheral pooling of blood with venous
occlusive tourniquets., Left bundle branch block also
increases the PEP/LVET whereas beta-receptor stimulation or
inotropic interventions (digitalis, isoproterenol) diminish it.

This PEP/LVET ratio thus represents a composite expression
of the isovolumic and isotonic phases of systole and will likely
achieve more widespread application as these hemodynamic correla-
tions are corroborated and extended.

These indirect graphic techniques as presently used in
the measurement of systolic and diastolic time intervals pro-
vide the most sensitive and valid data when used in the serial
evaluation of the individual patient. In this way, each patient
may serve as his own control, and subtle changes in his time
intervals may thus assume greater significance., Of particular
interest are the changes induced in these indirect intervals
in the individual patient following provocation with exercise
/46-48/ right atrial pacing /49/, or pharmacologic intervention,
Similarly, small serial changes in the systolic time intervals
such as an increasing PEP/LVET mey provide, for example, an
early warning of incipient myocardial failure in a patient suf-
fering with an acute myocardial infarction.

Such techniques will nevertheless remain inexact, partly
because of the continued difficulty relating the derived time
intervals to precise intracardiac events, during which the
coupling with the thoracic wall is critical but undetermined.
Their measurement will also remein imprecise and potentially
misleading if certain often interdependent variables are not
controlled or critically considered. But despite our present
inability to accurately quantitate left ventricular function
using externally derived time measurements, estimates of wany
of these parameters of myocardial performance are now possible
and the continued application of these noninvasive techniques
should be encouraged.

Present Concepts, Vol IV No 4, April 1971

tXU]




T

230

AT e Y. 2y

1

1t

[

1
e, (.mmuwM

Cardiac Time Intervals - McConaghaya

References

1.

2.

3-
4o
5-

9-

10'

11,

12.

13.

15.

16.

17.

Garrard CL Jr, Weissler AM, Dodge HT: The relationship
of slterations in systolic time intervala to ejec!ion
fraction in patients with cardiac disease. Circulation
423455, 1970.

Wayne HH: Serial apexcardiograms, phonocardiograms, and
carotid tracings in myocardial infarction. Circulation

38 (suppl. VI):203, 1968.

Samson R: Changes in systolic time intervals in acute
myocardial infarction., Brit Heart J 32:839, 1970,

Tavel ME: (Clinical Phonocardiography and External Pulse
Recording, Chicago: Year Book Medical Pub, Co., Inc., 1967.
Jezek, V: Clinical value of polygraphic tracing in the
study of the sequence of events during cardiac contraction.
Cardiologia (Basel) 43:298, 1963.

Rushmer RF: Cardiac Dynmamics. Philadelphia: W.B. Saunders
Co, 1961.

Thompson HE, Shaver, JA et al: Sound, presgsure and motion
correlates in mitrsl stenosis. Amer J Med 49:436, 1970.
Sakamoto T, Kusukawa R, MacCanon DM et al: Hemodynamic
determinants of the amplitude of the first heart sound.
Circ Res 16:45, 1965

Plemme TE, Bernett GO, and Dexter L: Relationship of
heart sounds to acceleration of blood flow. Circ Res 18:
303, 1966. -
Wooley CF, Klassen KP, leighton RF et al: Left atrial and
left ventricular sound and pressure in mitral stenosis,
Circulation 38:295, 1968,

McCall BW, Price JL: Movement of the mitral valve cusps
in relation to first heart sound and opening snap in
patients with mitral stenosis, Brit Heart J 29:417, 1967.
DiBartolo G, Munez-Day D, Mulesan G et al: Hemodynamic
correlation of the 1lst heart sound. Amer J Physiol 201:
888, 1961.

Dimond EG, Duenas A, Benchimol A: Apexcardiography. Amer
Heart J 72:124, 1966,

Tavel ET, Campbell RW, Feigenbaum H et »1: The apexcardio-
gram and its relationship to hemodynamic events within the
left heart. Brit Heart J 27:829, 1965,

Coulshed N, Epstein EJ: The apexcardiogmm. Its normal
features explained by those found in heart disease. Brit
Heart J 25:697, 1963.

Benchimol A, Dimond EG, Carson JC: The value of apexcar-
diogram as a reference tracing in phonocardiography. Amer
Heart J 61:485, 1961.

Sutton GC, Prewitt TA, Craige E: Relationship between quanti-
tated precordial movement and left ventricular functionm.
Circulation 40:179, 1970.

Present Conceptr, Vol IV No 4. April 1971




Cardhae Lime Intervals - McConahay

18.

19,
20.

21.

22,

23,

24.

25.

26,
27.

28.

29.

30.

31.

32,

v/

Tafur E, Cohen LS, Levine HD: The normal apexcardiogram.
Its temporal relationship to electrical, acoustic and
mechanical cardiac events. Circulation 30:381, 1964.
Benchimol A, Dimond EG: The normal and abnormml apex-
cardiogram. Amer J Cardiol 12:368, 1963.

Dimond EG, Benchimol A: Correlation of intracardiac
pressure and praecordial movement in ischemic heart
disease. Brit Heart J 25:389, 1963,

Benchimol A, Dimond EG: The apexcardiogram in normal
older subjects and in patients with arteriosclerotic heart
diseagse: Effect of exercise on "a" wave, Amer Heart J
65:789, 1963.

Benchimol A, Dimond EG: The apexcardiogram in ischemic
heart disease. Brit Heart J 24:581, 1962.

Voight GC, Friesinger GC: The use of apexcardiography

in the assessment of left ventricular diastolic pressure.
Circulation 41:1015, 1970.

Kumar S, Spodick DH: Study of the mechanical events of
the left ventricle by atraumatic techniques: Comparison
of methods of measurement and their significance. Amer
Heart J 80:401, 1970.

Weissler AM, Harris WS, Schoenfeld DN: Systolic time
intervals in heart failure in man. Circulation 37:149,
1968.

Spodick DH, Kumar S: Electromechanical lag of the left
ventricle. Cardiov Res 2:338, 1968.

Tavel ME, Feigenbaum H, Campbell RW: A study of the Q-I
interval in atrial fibrillation with and without mitral
stenosis. Circulation 31:429, 1965.

Spodick DH, Kumar S: Isovolumetric contraction period of
the left ventricle. Results in a normal series and
comparison of methods of calculation by atraumatic methods.
Amer Heart J 76:498, 1968.

Frank MM, Kinlaw WB: Indirect measurement of isovolumetric
contraction time and tension period in normal subjects.
Amer J Cardiol 10:800, 1962.

Reeves TJ, Lloyd LH, Jones WB et al: The hemodynamic
determinants of the rate of change in pressure in the left
ventricle during isometric contraction. Amer Heart J 60:
745, 1960,

Metzger CC, Chough CB, Kroetz FW et al: True isovolumic
contraction time: Its correlation with 2 external indexes
of ventricular performance. Amer J Cardiol 25:434, 1970.
Diamant V, Shapiro M, Fleming RJ et al: Direct and indirect
assessment of left ventricular dysfunction in coronary
artery disease. Amer J Cardiol 25:92, 1970.

S e e i < MBI

Present Concepts, Vol IV No 4. April 1971

R S P NG o i el o Pkl b o o




ey

by
ty

g TR B T e v o e

Cardiac Time Intervals - McConahay

33.

34.

35.

36.
.

38.

39.

40.

42,

43.

45.

46.

47.

Inoue K, Young GM, Grierson AL et al: Isometric contrac-
tion period of the left ventricle in acute myocardial
infarctivn, Circulation 42:79, 1970.

Diamant B, Killip T: Indirect assessment of left ventricu-
iar performance in acute myocardial infarction. Circulation
42:579, 1970,

Spodick DH, Kumar S: Left ventricular ejection period.
Measurement by atraumatic techniques. Results in normal
young men and comparison of methods of calculation. Amer
Heart J 76:70, 1968.

Weissler AM, Harris LC, White GD: Left ventricalar ejec-
tion time index in man. J Appl Phvsiol 18 219, 1963.

Weissler AM, Peeler RG, Roehill WH Jr: Relationship

between left ventricular ejection time, stroke volume and
heart rate in normal individuals and patients with cardiac
disease. Amer Heart J 62:367, 1961.

Jones WB, Foster GL: Determinants of duration of left
ventricular ejection in normal young men. J Appl rhysiol
19:279, 1964.

Shaver JA, Kroetz FW, Leonard JJ et al: The effect of steady-
state increases in systemic arterial pressure on the duration
of left ventricular ejection time. J Clin Invest 47:217, 19Y68.
Willems JL, Roelandt J, DeGesst H et al: The left ventricular
ejection time in elderly subjects. Circulation 42:37, 1970.
Weissler AM, Kamen AR, Bornstein RS et al: Effect of deslano-
side on the duration of the phases of ventricular systole in
man. Amer J Cardiol 15:153, 1965,

Weicsler AM, Gemel W, Grode H et al: The effect of digitalis
on ventricular ejection in normal human svbjects. Circulation
29:721, 1964.

Benchimol A, Ellis JG: A study of the period of isovolumic
relaxation in normal subjects and in patients with heart
disease. Amer J Cardiol 19:196, 1967.

Harrison TR, Dixon K, Russell RO Jr et al: The relationship
of age to the duration of contraction, ejection, and relaxa-
tion of normel heart. Amer Heart J 67:189, 1964.

Weissler AM, Harris WS, Schoenfeld CD: Bedside techniques
for the evaluation of ventricular functic: in man. Amer J
Cardiol 23:577, 1969.

Aronow WS, Bowyer AF, Kaplan MA: External isovolumic
contraction times and left ventricular ejection time/external
isovolumic contraction time ratios at rest and after exercise
in coronary artery disease, Circulation 43:59, 1971.

Aronow WS: Isovolumic contraction and left ventricular
ejection times., External measurements at rest and after
exercise in normal man. Amer J Cardiol 26:238, 1970,

Present Concepts, Vol IV No 4, April 1971




gy

Cardiac Time Intervals MeConahav

48.

49.

Strandell T: Mechanical systole at rest, during and
after exercise in supine and sitting position in young
and old men. Acta Physiol Scand 61:279, 1964.

Leighton RF, Zaron SJ, Robinson JL et al: Effects of
atrial pacing on left ventricular performance in patients
with heart disease. Circulation 40:615, 1969.

Additionai References Supporting the Tables

Adolph RJ, Fowler NO, Tanaka, K: Prolongation of iso-
volumic contraction time in left bundle branch block.
Amer Heart J 78:585, 1969.

Amidi M, Leon DF, DeGroot WJ et al: Effect of the thyroid
state on myocardial contractility and ventricular zjec-
tion rate in man. Circulation 48:229, 1968,

Harris WS, Schoenfeld CD, Weigsler AM; Effects of
adrenergic receptor activation and blockage on the sys-
tolic pre-ejection period, heart rate and arterial pres-
sure in man. J Clin Invest 46:1704, 1967.

Leighton RF, Weissler AM, Weinstein PB,et al: Right and
left ventricular systolic time intervals. Effects of heart
rate, respiration, and atrial pacing. Amer J Cardiol 27:
66, 1971.

Sawayama T, Ochiai M, Marumoto S, et al: Influence of
amyl nitrite inhalation on the systolic time intervals
in normal subjects and in patieuts with ischenic heart
disease. Cf-culation 40:327, 1969.

Shiner PT, Harris WS, Weissler AM: Effects of acute
changes in serum calcium levels on the gystolic time
intervals in man. Amer J Cardiol 24:42, 1969.

Spodick DH, St Pierre JR: Pulsus alternans: Physiologic
stuay by noninvasive techniques. Amer Heart J 80:766, 1970.
Stafford RW, Harris WS, Weissler AM: Left ventricular
sysvolic time intervals as indices of postural circulatory
stress in man. Circulation 41:485, 1970.

Wallace AG, Mitchell JH, Skinner SN, et al: Duration of
the phases of the left ventricular systole. Circ Res
12:611, 1963.

Present Concepts, Vol IV No 4, Apnl 1971

1050, Gt Kbt IS




B

-
-~

APPENDIY Naormal Values®* Cardiac Time Intervals - McConahay

Total clectromechanical systole [Q—-A2]

546 2.1 HR t 14 msec!
490 -1.7 HR £ 17 msec 2

Prejection period | (Q—A2)—(CA,—CA )]
131-04 HR £ 13 msec!

Llectromechanical lag [Q—A(‘C-u }
22 £ 9.8 msec (0-50)3

lsovolumic contraction time [{ACGy-CA,)— (A2-CAjp)]

709 + 15.8 msec (40-90) 4
50.2 2 8.6 msec (30-65) 5
41 + 6 msech

52-0.2 HR + 15 msec?

Left ventricular ejection time [CA,—CA;

413 1.7 HR+10 msec!
416 1.56 HR 1 19.1 msec *
380 1.3 HR1 19 msec?
376-1.2 HR+ 12 msec®

nl

Isometric relaxation time [A2—0]

90 -0.34 HR 14 msec (40-100)3
103 =22 msec?

Rapid inflow period [0-F]
99.8 + 14.2 msec (80-120)3

Ratio Pre-ejection period to left ventricular ejection time (PEP, LVET)
035+ 0036 '°

*Rccommended measurements 1o parentheses,  HR = heart rate, Q = Q-wave. A2 = nstial hgh frequency

vibraions of aortic Lomponent of second heart sound. CAy, = upstroke |point of origin of the carond artery
upstroke]  CAjpn = carotid incisura |point separating systolic and duastolic phases of carotid pulse]  ACGy, =
upstroke of apescardiogram. O = nadu. F = point where rapid fithng wave merges into <dlow filling wave,
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MYOCARDIAL REVASCULARIZATION

LTC John P. Nagle, MC

Coronary artery disease is enjoying a widespre. -~videmic
in the United States mmch to the chagrin of physiaians +ho
have for years sought a solution to this problem. Recent
epidemiologic studies tell us that approximately one million
people will sustain an acute myocardial infarct in 1971 out
of a population of thrse to six willion people with sympto-
matic coronary artery disease./1,2/ In addition, tnhere is a
large population estimated at four to five million, with
asymptomatic atherosclerosis that has potential for becoming
symptomatic./3/ Atherosclerosis is a pathologic process that
begins early as attested by the impressive studies ir people
dying of accidental death or death in time of war./4,5/
Seventy-seven percent of young Americans killed in the Knrean
war (mean age of 22) had gross pathological evidence of
atherosclerosis, Of these, 12.3 percent had significant

stenogis or occlusion already present. This frequency increases

with age so that by age 50 to 60 years pathologic changes of
atherosclerosis, although not necessarily symptomatic, are
almost universal in the United States.

With these impressive fa:ts in mind, it is no wonder that
a tremendous amount of effort is being put forth to define the
etiology and institute preventive measures for this ubiquivouz
disease. This is where the impetus should be placed! However,
there remains a large rumber of patients who already have
acquired significant coronary atherosclerosis, It is in these
patients that medical and surgical forms of therapy are import-
ant., This paper will confine its discussion to the rurgical
approaches to myocardial revascularization and thei- present
clinical status,
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Pathologic and Coronary Arteriographic Aspects of Ceronary Artery Discase (CAD)
as They Relate to Surgical Approaches

The surgeon approaching a person with coronary disease
must have a knowledge of what the usual pathological findings
are as well as the angiographic findings in each particular
case. Only with this knowledge can he properly formulate a
surgical plan preoperatively and know what to expect at surgery.

Pathologic correlates in coronary disease received impetus
when Schlesinger/6/ developed a method of injecting coronary
arteries with lead agar at necropsy. Initial clinicopathologic
studies concluded that occlusion of one or more major coronary
arteries was the underlying cause of angina pectoris. It vas
further emphasized (and since that time it has been repeatedly
confirmed) that (1) the atherosclerotic process occurred more
frequently and was more severe in the proximal third of the
vessels and (2) occlusions were usually less than five milli-
meters in length. The atherosclerotic process involves primar-
ily the epicardial coronaries and not those extending into the
myocardium. Collaterals do not form in normal hearts but are
seen only with varying degrees of coronary stenosis or occlu-
sions./7-9/ However, even the early pathologic studies
frequently demonstrated diffuse disease extending beyond the
middle third of the vessel and early direct approaches to
coronay ; surgery were discouraged by extension of the disease
down to vessels two to  hree millimeters in diameter. Recently,
Vineberg/10/ has shcwn that 49 percent of hearts studied with
coronary artery disease have disease in the distal five centimeters
of coronary trunks and branches,

With the recent development of microvascular surgical
techniques (allowing anastomosis of vessels at the one to two
millimeter size) a second look at the gross and mdcropathology
is being taken. Thus, Green et al /11/ dissected 50 fresh
postmortem arteriosclerotic hearts and found that in 49 of 50
cases at the coronary arterial external diameter of 1.5 milli-
meters and beyond, the lumen of the vessel appeared normal.

On the contrary, they found that most segments at a diameter
of 2.0 millimeters were not siitable for receiving a vascular
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anastomosis., Recently, Berger /12/ has reported a study of 30C
hearts with anatomic assessme.ut of operability by the direct
approach, An operable lesion was defined as (1) proximal steno-
sis of greater than 50 percent, (2) distal artery suitable for
anastomoses, i.e. absence of significant disease and circum-
ference greater than 4.0 millimeters and (3) adequate runoff
without distal stenosis. He found that 117 (39 percent) had
single vessel disease, 99 (33 per cent) had double, and 84

(28 percent) had triple vessel disease. Eighty-five percent

of the single vessel lesions were operable. With two vessel
d“sease, 28.3 percent were operable for one lesion, 63.6 per-
cent for both lesions and 8.1 percent were inoperable. With
three vessel disease, 24 percent were operable for one, 40
percent for two, 25.3 percent for three vessels and 10.6 per-
cent were inoperable. The 900 vessels of 300 hearts had

570 lesions and 406 (70.5 percent) were operable. The site of
operability was 9.3 percent in the proximal, 60.1 percent in
the mid-third, and 30.4 percent in the distal third of the
involved coronary arteries, So, pthologic studies demcnstrate
an operability rate (by direct bypass surgery) of 70 to 95 per-
cent depending on the size of the artery the surgeon can
anastomose; the smaller the vessel the higher the operability
rate.

With the demonstration by Sones and Shirey /13/ in 1959,
that selective coronary arteriography could be done safely with
low risk and reliable high quality angiograms, the field of
clinical-anatomic correlation in coronary heart disease was
opened. For the first time there could be a rational surgical
approach based on anatomic knowledge and there could be a
realistic anatomic evaluation postoperatively. Concerning
expected findings with antemortem angiogram, Proudfit et al
/14-16/ reported on the clinical correlates of 1000 patients
who had coronary arteriograms. In 37 percent of the group, no
gignificant obstruction was found although almost the entire
group were suspected at some time of having coronary disease.
In 300 patients thought to have noncoronary symptoms, 17 per-
cent had significantly stenotic lesions. Typical angina pec-
toris had 95 percent correlation with significant arterial
lesions and diagnostic Q waves of myocardial infarction on
electrocardiograms (ECG) and had a 99 perceat correlation with
severe arteriographic patterns., Rest pain, "coronary failure"
and "atypical angina" showed decreasing correlations for
significant lesions (79, 78, and 65 percent respectively). In
627 of the patients the obstructing lesions exceeded 30 percent
with the left anterior descending (82.5 percent), right
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(72.9 percent), circvmflex (66.0 percent), and left main (41.5
percent) coronary arteries involved. Complete occlusions were
more common in the right coronary whereas 50 to 90+ percent
obstruction was most frequent in the left antorior descending
artery., More than 75% of aymptomatic patients had 0 percent,
or more obstruction of at leact one vessel and more than 50
percent had total occlusions of one or more vessels. Predomin-
antly single vessel involvement was seen in 21 percent. Mul-
tiple-vessel involvement was common. The average number of
arteries affected by lesions exceeding 30 percent of the lumen
was 2.3, the average mumber of arteries 75 percent .or more)
occluded.

Dietrich et al /17/ reviewed 312 patients with angina
pectoris, Significant disease (greater than 75 percent stenosis
of at least one major vessel) occurred in 270 of 313 (87 percent)
patients. Significant (75 percent or greater) obstruction
occurred in single vessels in 58 of 270 (23 percent); double
in 110 of 270 (40 percent); triple in 78 of 270 (29 percent);
and quadruple in 24 of 270 (9 percent). The distribution in
191 arterial occlusions was — right coromary in 101 of 191
(53 percent); anterior descending in 64 of 191 (33 porcent);
and circumflex in 26 of 191 (14 percent). It is interesting
that complete occlusion of the left main coronary was not geen
in this or the studies by Proudfit et al /14-16/; therefore,
one could surmise that this is generally a fatal lesion.

kn additional point worthy of further stucy is the sub-
Ject of progreasion on serial angiography. Not many studies
have dealt with this specifically, but in studying postopera-
tive results it has been shown that over a year's period ome
can be expected tc show significant progression of their
arterioaclerotic process. Radiographic techniques are nct
infallible and surgical experience has consiastently demon-
strated more disease than expected angiographically.

Pathology and angiography is the approach which best

describes the disease that faces the surgeon in his attempts
at revascularisation.

SURGICAL PROCEDURES

It must be pcinted out at the offset that any attempts at

revascularization are, at the present time, still in the
experimental stage. Numberous procedures have been described
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and attempted in humans. The road to surgical treatment for
coronary heart disease is littered with the wrecks of opera-
tions whose supposed benefits lay largely in the enthusiasm

of their originators. In addition, it is important to empha-
size that any such operation, in addition to being experimental,
is only palliative an’ not curstive as some patients are led

to believe.

TABLE I will serve as a guide so that one may get an
idea of the types of operations devised to improve myocardial
blood supply.

The majority of these procedures have been abandoned .
because of either unimpressive results or high mortality rates.
At present the most commonly employed technique is the reversed
saphenous vein aortocoronary bypass graft which has gained
increasing enthusiasm over the past three years. There are
centers still empioying the indirect method of systemic artery
implant (usually internal mammary) either alome or in combina-
tion with the saphenous vein bypass technique., Iless frequently
used are gas endarterectomy, local endarterectomy, and internal
mammary to coronary artery anastomosis. The present surgical
techniques and postoperative results will be briefly described.

INDIRI'CT REVASCULARIZATION BY INTERNAL MAMARY ARTERY IMPLANT PROCEDURES
Figure 1.

In 1946, Vineberg /18/ reported that a bleeding internal
memmary artery implanted into a tunnel in the wall of the left
ventricle would remain patent and develop a variadle amount of
collateral circulation, About 75 psrcent of Vineberg's experi-
mental implants remained open. Ix 1950, Vineberg \first employed
this operation in man and he has continued to be its foreasost
proponent, /19/

Several modifications of the original procedure have
evolved. In the original operation, the internal memmary was
dissected out as a naked vesael. This proved very tedious.

In 1962 a technique employing a pedicle that contained the
internal mammary artery, its vein 1 interconnecting communi-
cations as well as muscle, fascie ...t and lymphatic tissue was
tried. This proved bulky, requi.si considerably larger tunnel
and resulted in increased morve. :. Finally, this was modified
to use the pedicle down to the m :>ardial tunnel and then to

use the naked vessel in the tunn:i.. 0/
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T

" TABLF |

¥

PRODUCTION OF NEW ARTERIAL SUPPLY *

Production of Adhesive Pericarditis
Mcchanical Abrasion: Beck, 1935

Installation or Insuf(lation of lrritating Substance

Dakin's soluton: Bock, 1929

Ashestos powder: Beck, Schhdt and Stanion, 1943

Sodium morfthuate, Lionile ® carborundum: Hembecker, Rarton, Slome, 1939
Talc: Thompsen, 1939

Phenol and takc., Harken, 1955

Production of Venous Stasis or Reversal of Coronary Circulation

Occlusion of Coronary Sinus: Robertson, 1934, Gross, Bleus, 1935; Greg, Dewald, 1938:
Fauteux, 1937; Beck, Mako, 1941

Arterialization of the Reversed Coronary Circulation: Roberts, 1934; Beck, 1948

Indirect Methods of Improving the Blood Supply of the Heart
Operation of the Sympathetic Nervous System

Synralheuomy (ganglioncctomy): Jonncko, 1916; Daniclopoler, 1924, Langley 1924,
eniche, 1931 Coffey, 1923; White, 1987

Revection of Pregortic cardiac plexus: J-auteux, 1941 Arnwi, 1939

Posterior thisotomy:; White, 1957

the of Flaps of Pedicle Grafts

Mediastinal fat and retrosternal tissues.  Beck, 1938

Skeletal muscle  Beck, 1938

Pedicled grafis of <kin and subcutancous tissues: Neuman and Von Vedel, 1952
Omentum:  O'Shaughnessey, 1936

Lang. Lezuus, 1937, Carter, 1949

Jepjunum  Key, 1954

Stomach: Mines, Hipp, 1960

Transplantationt of arterial vessel or graft into myocardium

Intcrnal mammarv, Vineberg, 1946
Subclavian artery: | uguag, 1958
Splenic artery: Bloomer, 1960

Left ventricular chamber. Euna, 1956
Left auncular chamber: Euris, 1956
Thoracic sorta graft: Smith, 1957

Direct Surgical Approach to Coronary Artery Disease

Endasterectomy or Intimectomy: Pratt, 1959; Absolon, 1956, May, 1957;
Bailey, 1957, Longmite, 1958

Substitution of graft for occluded segment: Murray, 1952

Direct anastomosis of other vesscls to coronary srteries: Murray, 1954; Absolon, 1956,
Thal, 1956. Moore and Rilicu, 1958

Resection of infarcted myocardium: Marray. 1947

¢ From Nichols HT, Likoff W, Mozer I - Coronary lcart Research New York: Grune & Stratton,
1963. p 446
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Fig. 1. INDi..ECT MYOCARDIAL
REVASCULARIZATION, with nght
intemal mammary artery implanted

in ‘eft ventricle, =~4~; ing Jlagonal
beanch of left anterior descending
artery; implanted left internal mammary
artery in posterior wall of jeft

ventnicle.

After the development of selective coronary arteriography
it was demonsirated that the interpal memmary of a patient
operated on by Vineberg some years before rad developed anas-
tomoses with the left coronary system. Then grect interest
and enthusiasm developed for the procedure and thousands of
internal mammary implants or variations on the theme have
been performed and much has been learned.

A collective review by Breuer and Warren /21/ in 1965
stated that 50-80 percent of implants had been reported to be
patent. The majority of the reports subsequently have indicated
a higher patency rate (approximately 90 percent). Patency rate
hewever, does not equal rate of angiographic evidence of
anastomoses with existing coronary arteries. The reported rate
of anastomoses has been about 50 percent but may be higher if
implants are into areag of "demand",/22/

Immediately following surgery in humans, flow meter studies
generally show the range of blood flow to be 5-7 milliliters
per minute., Amuzingly enough, the vessels remein patent despite
these low flows and hematoma does not form from the bleeding
vegssel in the myocardium., Patency is apparently related to
a number of factors which include (1) a to-and-fro motion of
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blood in the implant (systolic pressures in the implant in the
tunnel are higher than aortic pressure and flow is retrograde
from internal mammary to aorta in systole and vice versa in
diastole)/23/; (2) the myocardial simisoids capable of absorb-
ing the flow; (3) mechanical defibrination and (4) regional
ischemia., This latter aspect, that of regional ischemia, is
apparently the most important factor governing formation of
collaterals. This has been demonstrated both experimentally
and clinically and is referred to as "demand". This pattern
of "demand" can be established preoperatively by angiographic
demonstration of intercoronary collateral circulation, indicat-
ing that regional ischemia 1s present. Depending on demand
and formation of internal mammary to coronary anastomoses,

the flow gradually increases over the next three to six months,
i.e. this hus been the usual time it takes to demonstrate
gignificant anastomoses angiographically. Actual flow studies
in humans have been few in number but in animals flows up to
40~65 milliliters per minute have been recorded./22/

In the large experience at the Cleveland Clinic no
instance of an internal mammary artery has been seen forming
commnications with vessels remote from the site of implanta-
tion./24/ That is to say, an anterior left ventricular
implant has not been seen to anastomose with the vessels supply-
ing the posterior wall., Becuuse coronary heart digease is so
frequently a disease of mltiple vessels, various types of
procedures have been devlised to revascularize the areas asso-
ciated with arteriographic evidence of significant obstructive
disease., These include implantation of both internal mammaries,
retrograde implantation of the left mammary artery, a saphenous
vein autograft, the gastroepiploic artery, intercostal arteries,
and the splenic artery. The objective with all techniques
has been to implant one artery into the region of the anterior
wall and anterior descending and another into the lateral
diaphragmatic portions of the left ventricle near the tribu-

taries of the circumflex and posterior descending coronary
arteries.

Immediate operative mortality is between two and five
percent with a five to ten percent late mortality in the first
two years following surgery (this is less than the expected
mortality of a similar group of patients treated medically)¥
Improvement ° varying degrees in angina pectoris can be anti-
cipated in &.~75 percent of patients./22/

*These percentages are not from a controlled series,
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Postoperative assessment other than subjective improvement
in angina has been difficult. Simple angiographic patency and
even formation of collaterals does not necessarily mean that
significant blood flow is being supplied by these implants.
Postoperative improvement in hemodynamics has been reported in
some series and not in others./22, 25/ Improved myocardial
metabolism as measured by lactate studies have been used by some
authors as evidence of improved flow to ischemic areas /26/, but
it is not certain that infarction of a previous ischemic area
is not also an explanation for this improvement. Coronary flow
studies are experimental themselves and have not been done in
a significant number of cases to establish confidence in num-
bers obtained by these methods. The problem of regional coron-
ary flow (i.e. whether or not the measured blood flow is actually
to the ischemic areas and not bypassing them) has not been solved.
Stress testing, pre and posioperatively, may be a better estimate
of significantly improved flow than simple patency./27/ However,
the response to stress testing is nonspecific and variable in
and of itself.

Perhaps the most impressive information concerning the
ability of implants to establish significant flow in certain
individuals is Vineberg's remarkable collection /28/ of seven
patients in whom the only artery open in the heart was the
implant placed there 33-174 years before. All the patients!
own corcnary arteries had slowly occluded. There has been a
lot of controversy among btuth cardiologists and surgeons as to
whether or not indirect procedures have any value at all. At
least part of this stems from the fact that it usually takes
three to six months to establish what seems to be at times
insignificant amounts of flow by a procedure that is undoubtedly
itself causing some degree of direct myocardial damage (although
this latter point is not considered to be important by some
authors). Because of these factors as well as others, it is
not surprising that many surgeons have almost completely abandoned
the indirect procedures in favor of direct surgical approaches
where immediate results are often dramatic.
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AORTOLORONARY SAPHIENOUS VLIN BYPASS
Figure 2.

big. 2. DIRECT MYOCARDIAL
RFVASCULARIZATION by means

of saphcnous vein bypass grafts to
distal right coronary artery (posterior
descending) 2nd left antenor descending
artery,

Over the past three years there has been rapid and excit-
ing development of various procedures employing saphenous vein
bypass of obstructive coropary lesions. The saphenous vein
for bypass grafting was first widely empioyed by Favaloro
et al /29/ at the Cleveland Clinic. Initially, this was used
only for short segmental cbstruction of the proximal right
coronary, often by rszecting the disease segment and irterpos-
ing the vein graft. With experience; longer segments were
bypassed directly f'rom the acrin to the cororary distal to
obstruction./39/ Maltiple centers have now gained large experi-
ence using the corcnary saphencus vein bypass. What has been
learned in the three short ysars since its beginning can be
summarized az follows:

The procedure appears to te widely appliceble tc a
large nurter of petients with coronary artery disease
and hes been accomplicshed with a 5-15 percent opera-
tive mortality rate./30/

Vascular grafts can be accomplished to small ves-
sels (internal dismeter as aemall as 1,0-3,0 milli-

meters)./31
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Subjective and objective improvement is effective
almost immediately following establishment of flow
distel to obstruction.

Substantial improvement of dysynergic motion of
the left ventricle has been noted vhen this is
related to ischemia and not to a previous scar./32/

Relatively soon after surgery, 10-20 percent of
grafts will not remain ratent and this seems to be
highly likely if initial flows established are
less than 25 cc/min and not responsive to papaver-
ine injected via the graft which is said to be
related to poor runoff distal to the anastomoses
and not to stenosis at the anastomoses in the
majority of cases./33/

A small but definite incidence of late occlusion

of the graft is beginning to creep into the litera-
ture although not enough experience or followup

has been gained at the present time. This late
occlusion problem is, at least in some, due to a
subintimal fibroplastic process that is not
atherosclerotic in nature and its cause is pre-
sently unknown. It may occur as early as two to
three months following the procedure./34/

These are but a few of the highlights in this exciting
new field. Already it has gained wide acceptance as the surgi-
cal procedure of choice in the great majority of patients with
symptomatic coronary disease. Bypass grafts have usually been
performed on cardiopulmonary bypass with electrical fibril-
lation or ice arrest so that the anagtomoses can be done on a
quiet heart./35/ Others have performed the anastomores in
the beating heart. Usually the graft is placed distal to the
furthest site of disease so that the runoff is into a normal
arterial bed. When one deals with the right coronary artery
this often means going to the back of the heart near the ori-
gin of the posterior descending artery; with the left anterior
descending, one frequently must go down near the apex of the
heart where the vessel is often only 1.0 to 3.0 millimiters in
diameter; and with the circumflex, one finds the anastomosis
is even more difficult to form on the posterior aspect of the
heart. Despite these seemingly formidable tasks, surgeons have
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have found that these anastomoses can be made and have per-
formed multiple (two, three, and four) grafts in increasing
numbers./3/ At Milwaukee they are performing multiple vein
grafts in approximately 70 percent of those who come to
surgery and have had only a small increased risk from surgery.

Ag stated before, this bypass procedure has been per-
formed in conjunction with the indirect procedure of
internal mammary implant. Most of the series indicate this
is being done less and less frequently. It would seem appro-
priate to use an implant in areas with angiographic evidence
of "demand" but in whom bypass graft cannot be performed.

The exact place in coromary surgical procedures the bypass
will take is not known at present because we need still lo
determine the natural history of these grafts. In the distal
extremities, venous bypass to small arteries, such as the
dorsalis pedis, were plagued by 50 percent or greater occlu-
sion rates. However, vein grafts in large peripheral vessels
have been very successful with excellent long-term patency and
freedom from aneurysm formation./37/ In some grafts an unknown
number are prone to an excesgsive subintimal fibroproliferative
process, Whether they will also develop atherosclerosis is
unknown,

CORONARY GAS FNDARTIRECTOMY
Figure »

Farly attempts at direct intervention employing standard
endarterectomy and patch graft angioplasty for local lesions
achieved only limited application either because of high
mortality rates or failure to achieve long term patency. At
least some of the problems resulted from incomplete "cleanout
of diffusely diseased vessels, failure to reopen side branches
("snow plow" effect) with resultant impaired runoff and high
mortality when operating on the left coronary artery.

Coronary gas endarte. .ctomy was described in 1067 and
shortly thereafter was overshadowed by the advent of s»phenous
vein bypass. However, some 75 cases huve been performrd in
humans with gratifying results./38/ Again, these numbers are
smll and suffer from lack of followup over a significant period,

The procedure is generally done under partial cardiopul-
monary bypass and is vegun by ucing a .0 ange needle Tor
introduction of carbon dioxide subadventitially, along the full
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length of the artery and major branches with special spatulas.
Either one or two arteriotomies are performed to exiract the

specinmen, "
N

Fig. 3. DIRTCT MYOCARDIAL REVAS-
CULARIZATION by means of GAS (CO,)
ENDARTERECTOMY.

a CO4 1s injected at
a flow of 15 Iters/mnute
subadventially through mul-

tiple punctures with a 26-gauge

ncedie. b, through proximal and distal
arteriotomes, the plaque 1s separated from the
cxternal clastic membrane with a spatula through which

CO; flows dplaques are semoved with traction suture. 4?

Robinson et al /39/. repariing on 14 patients, demonstrated
patency in nine of ten restudied. In two of these it had been
longer than a year postoperative. All had severe three-vessel
disease with either complete occlusion or diffuse disease of the
right coronary. Dramatic retrograde filling of the left coronary
via the reopened right coronary was seen in five patients,
Dietrich et al /40/ have reported 40 cuses with five deaths and
two late closures, Urachel et al //1/ have performed 20 gas
endarterectomies with three deaths and four early and one late
closure,

Although this procedure is still in its experimental phase,
it mey offer another approach to the surgical treatment to
coronary heart disease, At present it has only been applied
clinically to the diffusely diseased or totally occluded right
coromryo
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INTI RNAL MAMMARY TO CORONARY ARTFRY ANASTOMOSIS

The procedure of anastomosing the internal mammary to the
left anterior descending coromary has been employed by a few
surgeons with a fair degree of success./42/ This procedure
utilizes a normal artery and obviates the proximal anastomoses.
Microvascular surgical techniques have been used employing the
operating microscope. A high patency rate has been achieved
in those patients restudied. Yet to be answered is the size
of flow which can be achieved and whether long term patency and
freedom from the atherosclerotic process will be obtained.

SELECTION OF PATIENTS FOR STUDY AND SURGERY

At present the subject of selecting patients for study
and ultimate surgery is in a tremendous state of flux., Pre-
viously, most conservative cardiologists would study for surgery
only those patients with intractible angina pectoris not ammen-
able to "maximal" medical management., A large heart, congestive

failure, and previous myocardial infarcts were variably considered

contraindications or at least poor risks for surgery.

With the advent of saphenous vein bypass and its of'ten
dramatic immediate results, the pendulum has swung the other
way. In fact, in some large centers, the mere possibility of
coronary artery disease 1s considered an indication for study
and surgery if a significant bypassable lesion is found. In
some centers 95+ percent of patients consicered for surgery are
operated on,

Obviously, there is some middle-of-the-road approach that
will eventually dictate our indications. This will depend on
a number of things including further knowledge of the natural
history of certain clinical angiographic correlates. For
instance, it is already suspected that angiographic evidence of
gevere stenosis of the main or proximal left anterior descending
coronary has a poor prognosis, and in some centers such patients
are operated on in a semi-emergent fashion when the lesion has
manifest itself. Revascularization attempts following or during
acute agyocardial infarct or preinfarction angina is commented
upon in another paper in this symposium (pages3s3 ff ).
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In addition, it must be reiterated that all coronmary surgery

is still experimental and awaits long term followup for proof
of benefit.

In the meantime, each physician will have to formulate his

own indications for study and surgery based on his own oxperi-
ence with diagnostic studies and surgery; nether are without risk.
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Medical treatment consists of pouring urugs of which we know nothing
into a paucnt of whom we know less.
— VOLTAIRF

17 should be the life-long labour of all physwcicns 1o make this statenent

!
‘
l

mcreasingly fotse. ——M.D.C
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SURGICALLY 'TREATABLE COMPLICATIONS
Ol

ACUTE MYOCARDIAL INFARCTION

MA) Bruce H. Brundage, MC

The treatment of arteriosclerotic heart disease has been
the unchallenged domain of the internist until the last decade.
With the development of effective revascularization techniques,
the results of which are treated in another article in this
issue, the surgeon has begun to play an important role in the
treatment of coromary artery dlsease., This discussion will
deal with a less frequent but important role played by our
surgical colleagues in treating certain complications of acute
myocardial infarction often unresponsive to medical management.,

Mitral Insufficiency

The onset of a mitral insufficiency murmur following
acute myocardial infarction is common, but the internist must
recognize when this sign herslds an impending disaster that
only surgical correction will prevent. The nost critical
clinical situation signaled by this murmur i8 rupture of a
papillary muscle. This rare complication occurs more
frequently with posterior wall, rather than anterior wall,
jinfarction because rupture of the posteromedial papillary mus-
cle occurs twice as often as rupture of the anterolateral
miscle, /1,2/ The murmu~ is usually harsh and is best heard
at the apex; however, at times it may be soft. An associated
thrill is uncommon /3/' and the absence of this physical find-
ing is an important differential diagnostic point which is
discussed in more detail on page 356. Apical diastolic
sounds are common and, in one case, angiography demonstrated
mid-diastolic mitral regurgitation, This angiographic find-
i g is similar to thet seen in severe aortic in .ufficiency and
is thought to be one of the mechanisms for the Austin-Flint
mrmr, Since rupture of a papillary muscle results in a
completely unsupported mitral commissure, wide open mitral
insufficiency results. Rapid clinical deterioration ia the
form of pulmonary edeme quickly follows the onset of the mur-
mr, Seventy percent of cases are dead within 24 hours and
eight-five percent i . two months./2/ Emergency open heart
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surgery is the only real chance for survival. Prosthetic
replacement of the mitral valve following diagnostic confirma-
}ion by cardiac catheterization is the treatment of choice.

While rupture of the papillzry muscle following infarc-
tion is rare, involvement of the papillary miscle with infarc-
tion is not.” In one autopsy series, 25 percent of the hearts
had gross scarring or fresh infarction of the papillary muscle.,
The anterolateral mscle was involviod in 79 percent and the
posterolateral in 58 percent./// Even if the papillary muscle
itself is not infarcted but the left ventricular wall at its
base has been rendered dyskinetic or akinetic by acute ischemic
injury, papillary muscle dysfunction may result. '(n either
case, mitral insufficiency may result., The onset of the murmur
may be abrupt or insidious and usually occurs four to six days
after the myocardial infarct./l1/ The murmur is usually holo-
systolic but occasionally it is ejection in quality and may be.
confused with aortic stenosis. An atrial sound (S;) indicates
a fairly normal sized atrium, forcefully contracting, and
favors recent onset of the mitral insufficiency. Most cases
respond well to medical management; occasionally, however, a
refractory case will require surgical intervention. Before
surgery, cardiac catheterization should be performed to quanti-
tate the severity of the mitral insufficiency, evaluate the
contractility of the left ventricle, and rule out an associated
left ventricular aneurysm. Whenever possible, surgery should
be delayecd 5 to 12 months so that the injured myocardium may
heal adequately./1/ Annuloplasty, plication and prosthetic
replacement of the valve have all been used with some success./1/

Ventricular Aneuryms

Ventricular aneurysms have been demonstrated in 3.5 to
35 percent of patients with a previous transmral infarction.
Ofter ventricular aneuryams do not have functional or prognos-
tic significance, but if the aneurysm cccupies 20 to 25 percent
of the total surface area of the left ventricle, the amount of
fiber-shortening required for adequate cardiac output is
exceeded and failure ensues./l/

Aneurysms have been described as dyskinetic, akinetic, and
hypokinetic., Dyskineaia of the ventricular wall implies a systolic
expansion of the aneurysm, akinesia indicates no wall movement
with systole, and hypokinesia denotes an impaired movement of
the wall. Regardless of the particular dynamics of the aneurysm,
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the wall. Regardless of the particular dynamics of the
aneurysm, its presence means that a portion of the contrac-
tile force from the remaining viable myocardium is diverted
from aortic ejection.

Hypertension and imadequate bed rest following acute myo~
cardial infarction have been cuggested as contributory factore
in the jevelopment of aneuryasms, but recent reports o not
substantiate this./5/ Formation is determined prim lly by
the amount of local wall thickness actually necrosed and to a
lesser extent by the total surface area involved in the
Infarction.

Clinically, a left ventricular aneurysm may be suspected
if an ectopic precordial systolic pulsation is appreciated.
The heart sounds may be diminished and gallops are often pre-
sent., The electrocardiograu will show persistent ST segment
elevation in 60 percent of the cases. The heart contour on
chest roentgenogram may suggest the diagnosis, but fluoroscopy
is more helpful by detecting paradoxical pulsation and linear
calcification., Unfortunmately the routine chest x-ray and
fluoroscopy may be unrevealing and ventriculography remains the
definitive diagnostic procedure.

Intractable failure is the moat common indication for
surgery, however, occasionally aneurysms will cause recurrent
ventricular tachyarrhythmias which respond only to surgical
removal. Infrequently, recurrent systemic embolization is an
indication for aneurysmectomy. BEmboli are the cause of death
in nine percent of patients with LV aneurysms and at autopsy
38 prrcent have evidence of systemic emboli.

The goal of surgery is to remove or plicate the non-
contractile or paradoxically pulsatirg area. Left ventricular
efficiency is imrroved by diminishing left ventricular dimensions
(LaPlace's law} or by eliminating an expansile pouch which robs
stroke volume like an insufficient mitral valve. The surgical
mortality for these procedures has been reported to be from 7.9
to 32 percent./6,7/

Post-infarction Interventricular Septal Defect

Rupture of a necrotic ventricular septum is another compli-
caticn of myocardial infarction that frequently requires surgical
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intervention. This accounts for one to two percent of deaths
due to infarction. Rupture usually occurs within two weeks

of the infarct./1,8,9/ Concomitant infarction of the left
ventricular free wvall is always present when rupture occurs./8/
James /10/ states that perforation usually is the consequence
of occlusions of both the anterior and posterior descending
coronary arteries. Perforation results only then because the highly
developed anastomosis between the two vessels negates extensive
necrosis of the septum when only one is obstructed. Hyperten-
sion, early physical activity, and size of infarct have been
implicated as other possible etiologic factors.

Clinically, perforation is heralded by the sudden onset
of a harsh crescendo~decresendo pansystolic murmur loudest at
the fourth left sternmal edge, apex, or in between./1,8,9/
Rupture occurs frequently at the apex, explaining the more com-
mon apical location of the murmur than seen with congenital
ventricular septal defects. The murmur is accompanied by a
thrill in more than half the cases. The onset of the murmur
is usually accompanied by rapid clinical deterioration mani-
fested as shock or congestive failure. The failure is
atypical for acute infarction because right-sided failure with-
out associated pulmonary edema is common. Twenty-four percent
o’ the patients die in the first day and 60 to 70 percent in
r~e first two weeks. The extremely critical state of these
patients ~ften results in prolonged monitoring with intravascular
»ad bladder catheters which has resulted in bacterial endo-
rarditis of the ruptured septum./11/

The primary difficulty in diagnosis is differentiating
this from a ruptured papillary muscle. The physical findings
can be the same for both groups. However, a thrill and a
predominate, right-sided failure with peripheral edema favor
septal perforation. Selzer et al /8/ believe the only valid
differential point is that patients who develop loud systolic
murmurs after myocardial infarction and who survive the initial
two days are much more likely to have septal perforation than
papillary muscle rupture./8/ Electrocardiographic evidence
of conduction Jdefects have been reported to be frequently
agsociated with septal perforation /3/ but others refute this
diagnostic point./8/ Accurate diagnosis makes cardiac catheter-
ization mandatory./1,8,9/ Right heart catheterization will
detect the presence of a right to left shunt, Often pulmonary
blood flow is three to four times greater than systemic blood
flow, A high incideice o ventricular aneu~ysms has been
reported in association with septal rupture /8,9/ and so, if
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the patient's condition allows, left heart catheterization
with ventriculography should be performed.

Medical treatment has resulted in an 89 percent mortality
and so surgery is often indicated. It is preferable to wait
six weeks to six months before surgery is performed to allow
fibrous healing around the perforation which insures better
repair./1,8,9/ However, in the acute stage, surgery
may be life-saving if shock or severe failure are unresponsive
to medical management, Surgery carries a rather high mortality
(27 percent); however, balf of the operated patients have sur-
vived up to 7+ years./9/

CnnhogcnkrShock

The medical treatment of cardiogenic shock has consistently
resulted in an 80 to 85 percent mortality rate. New ideas about
treatment must be sought if these statistics are to be improved.
One area that is being actively investigated is infarctectomy.

The principle of this form of therapy is -— an infarct is in
essence an acute ventricular aneurysm resulting in the same
hemodynamic effects as a chronic aneurysm, Its removal in cardio-
genic shock may improve cardiac output enough to tip the balance
in favor of recovery.

A mumber of experimental studies have been carried out in
dogs demonstrating the beneficial effects on hemodynamics end
survival following removal of large acute infarcts./12-14/ It
has been shown, however, these these animals will not survive
excision of greater than 30 percent of the left ventricular free
wall. An interesting study in calves demonstrated that 100 per-
cent of control animals died following anterior descending
artery ligation wnile 50 percent of similar animals survived
after infarctectomy./15/ There have been u few reports of
infarctectomy in humens with indications of some promise for
this procedure./6,7,12,16/ 1In two instances, the acute infarct
occurred as a complication of prosthetic valve replacement, and
the patient could not be brought off caruiopulmonary bypass until
the infarctectomy had been performed./17/ Three cases of left
ventricular aneurysm were complicated by an acute infarction
which resulted in unresponsive cardiogenic shock. They were
successfully managed by combined aneurysmectomy and infarctec-
tomy./7/ Griffith /12/ has suggested that any case of cardic-
genic shock unresponsive to three hours ¢f medical therapy
should be considered a candidate for infarctectomy.

Present Concepts, Vol IV No 4, April 1971
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Miscellaneous Conditions

There are several other instances where surgery may
rarely be indicated for treating a complication of acute myo-
cardial infarction. One is permanent complete heart block.
While heart block occurs in approximately 10 percent of acute
infarcts it usually abates within two weeks. Should it per-
sist beyond three weeks a permanent pacemaker is indicated.
This need occured only once in a series of 300 cages of acute
myocardial infarct./1/

Cardiac rupture occurs in 8.6 percent of fatel infarcts
. the majority of patients die suddenly or are found dead,
allowing no time for surgical intervention./17/ On occasion,
however, the symptoms of severe chest pain and the signs of
cardiac tamponade suggest the diagnosis which can be confirmed
by pericardiocentesis. If this occurs, there may be up to
twelve hours before death during which time immediate ope:ative
intervention might save the patiexni., The diagnosis should be
suspect in elderly hypertensive patients during the first two
weeks following an acute infarct,

Finally, systemic emboli, a rare complication of myocardial
infarct since the widespread use of anticoagulants may require
surgical treatment., With peripheral emboli resulcing in acutely
ischemic extremities, the use of Fogerty catheters in these ves-
sels has at times been life-saving./18

Aortocoronary bypass has been tried in the treatment of
acute infarction. Occasionally a patient with an obvious acute
myocardial infarction will continue to have chest pain and some-
times laboratory evidence of continuing or extending infarction.
It wvas thought that emergency aortocoronary byapss in these
patients might halt the continuing infarction of myocardium.
Hovever, a recent report of several such patients described a
100 percent operative mortality./19/ Further information must
be awaited before this treatment can be fairly evaluated.
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ECHOCARDIOGRAPHY

MA] Richard S White, MC

As the use of more sophisticated invasive techniques grows
8o does the complication rate as well as the length of the
procedure and the discomfort to the patient. As a consequence
increasing interest has buen generated in various noninvasive
techniques of agsesging cardiac function and pathology. Echo-
cardiography (ultrasound cardiography) has proven to be a use-
ful noninvasive technique that involves no danger or discomfort
to the matient.

The first known use of ultrasound as & cardiac diagnostic
tool was described in 1950 by von Keidel./1/ In 195, Edler
and Hertz /2/ used reflected ultrasound to detect mitral valve
disease. Since that time many papers have appeared describ-
ing the use of this technique in the diagnosis of various
forms of heart disease,

The equipment used consiats of a small piezoelectric
crystal (usually BaSO;) through which electric current is
passed, setting up vibrations or the crystal. The frequency
of the sound emitted depends on tne frequency of the current
applied to the crystal./3/ The frequencies used in this tech-
nique are all above the range of human audibility (ultra sound).
The apparatus applied to the chest houses the crystal and acts
as both transmitter and receiver. The transmitter gends one
to two thousand shk.rt bursts of energy per second. The total
duration of those signals is extremely short so that the crys-
tal acts as a transmitter for one millisecond and a receiver .
for 999 milliseconds of each second./4/

As any sound wave passes through areas of different den-
gities some of it is reflected in many directions. That sound
which is reflected back toward the source is received by the
transducer, converted to electrical energy, amplified and dis-
played in several ways. The commonly used displays are termed

A and B mode. The A mode is an oscilloscope screen with markers

showing the distance of the reflecting interface from the
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Echocardiography - White

transducer. The screen has a variable scale marked off in
willimeters and centimeters. The distence measurement is
baesed on the fact that sound travels through the lman body

at an average speed of 1540 millimeters/second./2?/ The range
is 1476 mm/ssc for fat to 1568 mm/sec fo>r miscle. However,
bone conduction is more than 3000 mm/sec so one must take care.
not to place the transducer over bony structures when "looking"
at the teart. The B mode is a time scan presentation in which
the reflected beam travels from the bottom to the top of the
screen displaying a two dimensional presentation of the motion
of the reflecting structures. Figure 1.

Posterior Wall
Left Ventricle

\ Source ™ \

Fig. 1. Echocardiographic prescntation Posteribr Wall
of posterior wall of left ventricle Let Ventricle

A Mode B Mode

The identification of the echos of the various struc-
tures is based on a number of factors, the most significant
of which is experience. The distance of the echo from the
transducer or chest wall helps identify the source of the echo.
However, the characteristics of the motion seen on the screen
also help to identify the source. For example, the septum and
the posterior wall of the left ventricle have a sine wave type
of btack and forth motion whil:> the mitral valve has a charac-
teristic flickering motion with a rapid forward motion and a
slower return to the posterior position. Finding the echo of
that small, rapidly moving anterior leaflet can be a very
frustrating experience. Published reports from experienced
echocardiographers state that it takes from 10-15 minutes to
get an echo of the mitral valve./5,6/ The anterior and posterior
walls of the ventricles are .he easiest to find followed by the
interventricular septum and then the arteriovenous (AV) valves.
Proof of the location of the septal and posterior wall echos
has been obtained recently by injecting cardioc-green dye into
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the left ventricle while the echocardiogram is being performed/
The green dye itself echoes, resulting in opacification of
the left ventricular chamber area./7/

The technical difficulties that result in time-consuming
and inadequate studies are mmerous./8/ Even when the exper-
ience factor has been mastered there are many more road blocks
to using echocardiography successfully. Since the sound waves
are virtually completely damped by passage through air, the
presence of lung tissue between the transducer and the heart
makes it virtually impossible to get a good echo. Having the
patient exhale fully while in the right or left lateral decubi-
tus position will correct this problem in all but the markedly
emphysematous patient.

Fat also absorbs enough sound to severely limit the use-
fulness of ultrasound in obese patients. Lower frequency waves
go through fat better but higher frequencies give better defini-
tion to the reflected sound. Any form of cardiac displacement
such as seen in deviation of the diaphragm, obesity, mediastinal
ghift and vertical heart contributes to unsatisfactory results
by causing a longer search for the proper echoes or hiding the
structures behind the sternum.

Previous surgical scars in the chest wall or the heart also
add to the problems for the echocardiographer.

There are additional hazards of AV valve evaluation — many
of the nearby structures (septum, left ventricular wall, papil-
lary muscle, valve annulus and chordae) mimic the motion of the
valves./9/ This 15 especially significant in the presence of AV
valve stenosis when the valve wotion is less rapid. Sixty cycle
electrical interference or miscle noise are of such relative low
frequency that they fortunately have no effect on the echocardiogram.

UStS OF ECHOCARDIOGRAPHY

The Fcho of the Normal Mitral Valve

Echocardiography has found its greatest use in the assess-

ment of mitral stenosis. Some are so adept at this that it is
used as 4 basis for surgical decision without the benefit of
catheterization data.* Edler and Hertz /2/, in 1954, first

L ]
Nooney D Personal Communication. Doctor Noones was formerly at the Universitv of Pennss hvania
School of Medicine
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described the changes that occur in the normal and diseased
mitral valves as seen by the echocardiogram. Figure 2 shows
the events that occur during the cardiszc cycle of a normal
mitral valve and the correspending echo visualization.

—anterior

ECHO

b ——posterior

PRESSURES

left ventricular-

left atri——/\ \}

Normal echocardiographic events and thewr relationship to electrocardiogram (1 CG) and antra-
wardiae pressures  LEGEND' D = Mitral valve opens. € = Maximal antenor motion of mitral
vabe,  E-F = Rapwd filling phase of Icft ventnele. Left ventndle fills passively  Valve floats

Jdosed to a more posterior poatten I' - A = A-wave of atrual contraction, presystohic anteriors
motion A-C = Valve closes as ventricle contracts

Figure 2 shows the B mode excursion of the mitral valve
rotated 90 degrees clockwise from the presentation seen on the
oscilloscope screen. The anterior mitral leaflet is best found
on the A mode by recognizing its characteristic flicking motion
between the posterior wall of the left ventricle and the intra-
ventricular septum., Tiie transducer i, placed at the 4th left
intercostal space, one to five centimeters from the left sternal
border, and pointed directly posterior until the character-
istic back and forth motion of the posterior wall of the left
ventricle is seen. Then the transcducer is slowly pointed
slightly medial and upward until the mitral valve motion is

g 2
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senn. This maneuver 1s not always successful so in many patients
? a search must be made in all directions. On the B mode presen-
tation the AV valves are the only structures in the normal state
that have such a pronounced double-peaked motion. The AV valve :
leaflets have the greatest excursion of any of the cardiac
structures (2-3 cm in normal hearts).

oh
P Bk Wy bt

MITRAL STENOSIS

Edler and Hertz /2/ discovered that the motion of the
mitral valve that was most consistently affected by mitral sten-
osis (MS) was the posterior motion (E-F, Figure 2) as the valve
floats closed during passive left ventricular filling. In
mitral stenosis, the ventricle fills slowly ( (50 percent of
left ventricular filling occurs passively in moderately severe
mitral stenosis compared to )60 percent in the normal) /10/
and the valve is held open (anterior leaflet in the anterior
i position) by the pressure gradient between the left atrium and
E left ventricle. The characteristic echo of mitrel stenosis
' is seen in Figure 3.

ECG A/\’\_/\A-/\I\A./\

E

[—— 7 Y ! Y417
D .
—posterior

r

e A ainie N b At i dL AL AR AL A b s A

PRESSURES

left ventricular ——

left atrial ——

Tig 3 Fihocardiogram of mitral stenosis and its relationship to ECG and intracardiac pressuses
Lseend 1s given on |igure 2, opposit> page.

Present Concepts, Vol IV No 4, April 197}

L, ., A Pt T W T e e LB Ssen o Sy -y e i 4 T WLy v L T e So  da




v BB

ihh

Fobhocardiograpl s White

As the mitral stenosis becomes more severe the A wave
decreases and disappears so that the E-F slope gradually
blends into the E-A slope. It is this slope or rate of
posterior motion of the anterior leaflet of the mitral walve
that has been correlated with the degree of mitral stenosis
on the basis of catheterization data and surgical measurement
of the vaive area.

TABLE I shows the most widely accepuved values for esti-
mation of mitral valve erea (MVA) along with the range of
values reported./2,6,8,9-14/ In addition to the slope of the
valve motion, the excursion amplitude gives further informi-
tion about the valve. The normal valve moves 18-30 mm with
each cardiac cycle. As the valve becomes more stenotic the
motion becomes more restricted. When the excursion is less
than 10 mm the values listed on TABLE I lose their reliability.
The lower ranges of excursion ampliiude are seer with greater
degrees of valve aid annulus calcification.

TABLF |

VALULS FOR ESTIMATION OF M’ RAL VALVE AREA

SLOP} AMPLITUDI
Average Range Average Range
mmjsec milbmeters
Normal 125 80-200° 22 18-30
MiTRAI STENOSIS
Valve Area
Severe 10 em* 10-30 20 10-30
Moderate 7 0-1.7 em* 1047
Mild 1730 cm® 40-80 %
MITRAL INSUFEICIENCY 180 110-360 33 2045
* Al vormals reported were over 80 minfec
Hinag mificant nutral sten» o~ usually over 40 mm/sec

Combined use of phonccardiographs and echocardiography
nas helped rlarify the genesis of the opening snap in mitral
gstenosis. The sound occurs at or near the E point on most
anterior excursior adding weight to the theory that it is the
sudden deceleratic. of the descending mitral ring and valve that
causes the opening snap. Mitral insufficiency changes the contour
of the echo when seen alone or in association with mitral sten-
osis. The E-F slope tukes on a concove of "ski-jump'" appearance
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In both mitral insufficiency alone or with mitral stenosis the
excursion of the leaflets is increased and the slope {E-F) is

increased./5,15,16/ Values above 150 mm/sec are usually seen

in igsolated mitral insufficiency.

PERICARDIAL EFFUSION

Another of the major uses of echocardiography 1s the
detection of pericardial effusion, The A mode is as useful
as the B mode for this entity. In the normal patient the
posterior wall of the left ventricle ~»* the postericr peri-
cardium move together. When separated by an effusion the
pericardium remains relatively stationmary and the myocardial
wall has its usual cyclic motion. Most authors /17-21/ con-
sider a separation of at least 1.0 cm necessary to make the
diagnosis of effusion. Once the diagnosis has bzen made uy
echoca ‘diography the technique can also aid in therapy./22/
Rather than using the chest roentgenczram to determine the
presence of suspected residual fiuid, an "echo" can be done
at the bedside before the procedure is terminated so that
further atterpts can be made immediately if the "echo™ is still
positive., Occasionally the effusion will be concentrated in
the anterior pericardial space. This situation can also be
diagnosed by echocardiography. Effusions as small as 50 cc
have been detected in animal experiments. Most authors report
that smell elfusions cf 100 cc can be consistently detected in
humans. Cne of the puzzling features of pericardial effusion
is electrical alternans. This phenomeunon disappears when the
fluid is withdrawn. Echocardiography has confirmed the angio-
graphic finding that the heart swings like a pendulum in the
fluid filled pericardial space /17/ simultaneously electrocar-
diography shows the voltage varying with each swing. Figure 4,

Present Concep s, Vol IV No 4, April 1971

- ...—...-MW

RN

PR NY N\NﬁWPM




Echocardiography - White

Echo Posterior Wall
Sou.ce  Left Ventricle

f"g ardium
L 'l—J

5 10 15 [ centimeter scale
E cr%&
Source ericardium
Posterior Wall
ECG Left Ventricle
A Mode 8 Mode

Fig. 4 The separation between ventncalar wall and rencardium as seeen by echocardiogram in pencardial
ctfusion.

OTHIR USES O FCHOCARDIOGRAPHY

Many other aspects of csrdirc health and disease have
been evaluated by ultrasound teciiniques. The accompanying
TABLE II lists the suggested positions of the transducer for
locating the structures invclved. There is great variety and
overlap in these suggested positions. In addition, the echo-
cardiographer learns from experience that positions different
from those listed will often give a satisfactory recording.

Determing the size of various structures within ihe heart
has been successfully done, and surgical and angiographic
results have good correlation. Left and right ventricular
size hac been determined in a number of conditions./23/ Ratios
for normal a-~” abnormal situations have been determined, As
one would ex .. left to right shunts and ri-n: —entricular
diastolic overload consistently increase th i .cance from the
anterior heart wall to the right side of the septum. Mitral
insuffic iency, aortic insuffi .ency, and gross congestive
heart failure cause dilation c. the left ventricle. The left
ventrisuiar wall thickness has been measured by a complicated
technique described by Feigenbaum./2// Echocardiographic
estimation of left atria. =ize has been shown to be superior
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to x-ray and compares very well with sngiography./25/ Sizing

of the aortic root when replacing the aortic valve with homo-
graft, heterograft or fascia lata valves is an extremely

valuable preoperative measurement. One active pediatric car-
diology center saves valuable pump time by starting construction
of the fascia lata valve before the chest has been opened on

the basis of aortic root size determined by the echocardiographer.#

TABLE 1
SUGGESTED POSITIONS OF TRANSDUCER FOR LOCATING STRUCTURES
STRUCTURE POSITION DIRECTION
Mitral valve 3rd-Sth left in. rcostal space  Slightly posterior. superior

(4th preferred): 1-5 cm
{24 cm usually) lateral
to left stemal border

Tricuspid valve 4th-Sth left intercostal space;  Anterior and nght of
-5 a1 ateral to left sternal  1mitral valve
borde:
Right and left 4th left intercostal space Posterior, slightly lateral
ventricular cavity and inferior
Left atrium 3rd left intercostal space Postenor, medual.
shghtly supenior
Postenior lett 4th left intercostal space Postertor
ventricular wall
Aortic outflow 4th left inteicostal space Medusl and supertor to
to mitral valve
Idiopathic hypertro- 3rd4th ntercosital space, Superior and medal
phic subaortic 14 cm lateral to left
stenosis sternal border

The search for aneurysms of the abdominal aorta normally
leads to angiography. Ultrasound can readily give us the
internal diameter of the aorta and an estimation of the wall
thickness./26/ Another technique using a tmnsducer transcrib-
ing an arch (called B~Scan mode) gives a two-dimensional cross
section of the abdominal aorta./26/

Numerous other enatomical and functional abnormalities
of the heart can be evaluated b; ultrasound. Recently atrial
myxoma has been clearly seen on the echogram as a sclid echo-
producing structure behind the anterior leuflet of the mitral
valve./27-31/ Clots of the left atrium will also show as
similur sound reflecting defects of the left atrium,

*haplan §  Pervonal communication. Doctor Kaplan 1s Chief, Pediatric Cardiology ; Universty of
Cinannati School of Medicine.
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The normal tricuspid valve (TV) has motion that is similar
in character (double peaked) and speed to the mitral valve.
Joiner et al /32/ gave 60-125 mm/sec as the normal range of
TV motion. They also found tricuspid slopes of 8-30 mm/sec
in atenotic lesions.

Aortic insufficiency (AI) has been evaluated by the echo-
cardiogram. It has been shown that the regurgi.ant stream
causes a fluttering motion of the anterior leaflet of the mitral
valve as the regurgitant stream and the left atrial flow strike
the valve./33/ This mechanism has been thought by some to
account for the Austin-Flint murmur of aortic insufficiency.
However, this fluttering occurs early in diastole, while the
Austin-Flint murmr is a mid to late diastolic finding.

The understanding of idiopethic hypertrophic subeortic
stenosis (IHSS) has been greatly enhanced with the use of ultra-
sound./34-36/ Wit} the transducer focused on the 3eptum ard the
ant erior leaflet of the mitral walve while monitoring simu.-
taneous pressure and phonocardiographic traces, it has been
shown that there is an anterior motion of the anterior leaflet
of the mitral valve toward the septum, sometimes touching the
septum as the obstruciion and the murmur commence. The thick-
ness of the septum can also be measured with ultrasound.

The most recently described use of echocardiography is to
visualize the prolapse of the posterior leaflet of the mitral
valve in tlLe various conditions that cause that type of xitral
insufficiency./37/ By directing the beam slightly posterior and
infeerior to the anterior leaflet the excursion of the posterior
leaflet can be observed.

Prosthetic valves have been evaluated by the use of ultra-
sound./38-39/ The most useful measurement .s the speed at
which the poppet makes its excursion. It is well-known that
ball variance and thrombotic material on the valve slow the
speed of poppet travel. The diameter of the tell can be mea-
sured to determine if there is ball variance.

A potentially valueble nse of ultracound has been reported
by Feigenbaum et al /40/ and Popp and Harrison./41/ Based on
the assumption that a change in the minor axis of the left
ventricle during ventricular contraction gives a reasonably
accurate estimation of change in left ventricular volume,
stroke volume may be determined. The beauty of this tachnique
is that multiple determinations can be made without harm or di.:-
comfort to the patient,
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FIG. 1. Indirect Reference Tracings

The points indicated in the diagram are used in measurement of cardiac time
intervals. The vertical lines (numbered left to right 1 through 10} have been
drawn so as to denote sequence of events and to aid in the comparative reading
of four types of indirect reference tracings.

ECG = electrocardiogram with P-wave and QRS-wave complex indicated

Carotid Artery = indirect carotid artery puise tracing
u = upstroke [pont of origin of the carotid 2. cery upstroke CAy))
In. = carotid incisura {point separating systolic ard disstolic phases of carotid pulsa (CAIn)]

Phono. = ph.nocardiogram

54 = four i, heart sound

M1 = imit al high frequency vibrations of mitral component of first heart sound
A2 = nitx! high frequency vibrations of aortic component of second heart sound
0.8S. = cpening snap

S3 = third heart sound

ACG = apexcardiogram
A = |ett atrial contraction
L = upstroke of ACG
E = gje :tion point
O = nadir
RFW = rapid filling wave
SFW =slow filling wave
frem LGH, 1971
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CONGFNITAL HEART DISEASE

In the evaluation of congenital heart disease ultrasound
has aided in the disgnosis and management of several conditions.
The slope of mitral valve motion is altzred by increased flow
across the mitral valve as noted above in the discussion of
mitral insufficiency. Therefore, those conditions with a Zeft
to right shunt at the ventricular level and subsequent increased
flow across the mitral valve cause increased E-F slope./42/

Figure 2. Tetralogy of Fallot without reversal of flow across
the ventricular septal defect causes the same changes; and with
successful repairs of the ventricular septal defect, the changes
return to normal. Patent ductus arterosus also causes an
increase in the E-F slope of the mitral valve while atrial
septal defect only causes an increased flow across the tricus-
pid valve and thus increases its slope. Ostium primum atrial
septal defect with increase in flow across both AV valves causes
the expected echocardiographic changes. Additional evidence of
shunting can be obtained by measuring the relative size of the
ventricular chambers. All conditions with left to right shunt-
ing at the atrial or ventricular level increase the antero-
posterior diametcr of the right ventricle which can be appre-
ciated using either the A or B mode. In infants with suspected
hypoplastic right or left heart the presence or absence or
relative size of eacli chamber can be measured if the septum can
be found./43/ If no septum can be seen, then one has good
evidence that he is indeed dealing with a single ventricle.

The seldom-foud condi*ion if discrete subaortic stenosis
has been "seen" on echocardiography as a structure that moves
like the mitral valve but has an excursion of less than 15 mm
and uppears as a thinner shadow compared to the mitrel valve./39/
As mentioned above, ultrasound has been used to size the aortic
root prior to valve replacement,
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COMMENT

Ultrasound is an innocuous procedure that has proved
totally safe and painless for the patient. This technique
has been shown in the few short years that it has been avail-
able to have a wide variety of clinical applicationa. We have
cnly begun to realize the potential uses of this technique.
Its main drawbacks at the present time are the lack of stan-
dardization of normals and abnormels plus the time required
for even the experienced echocardiographer to obtain satis-
factory and clinically useful results. Since ultrasound is
well-established as a clinically useful tool in pericardial
effusion and mitral valve diseamse, it is only a matter of time
until many of the invasive methods uscd today will be comple-
mented or replaced by this technique.
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SERUM DIGITALIS LEVELS
New Techniques of Measurement

MA] Carroll M. Martin, Jr., MC

Although mch knowledge and understanding about the
biochemistry and metabolism of cardiac glycosides has been
accumlated since Withering's original accounts of the drug
in 1785, only recently have clinically relieble methods of
assaying blood levels of these drugs become available.

Rapid and reliable determinations of serum digitalis glyco-
gide levels will aid the clinician faced with the dilemma of
whether to withhold or administer these drugs in cases of
possible digitalis toxicity. The problem of determining
blood levels is made difficult because, in the usual thera-
peutic setting, exceedingly su.all amounts of digitalis
circulate in the blood. Arother problem is the interpreta-
tion of blood levels which is made more difficult by the fact
that digitalis has a low toxic to therapeutic ratio./1,2/
This discussion reviews the current status and clinical appli-
cation of available quantitative assays of blood levels of
cardiac glycosides.

IL has been shown that during maintanarce therapy with
digoxin the myocardial concentration beesrs a relatively con-
stant ratio to the serum concentration (<9:1), as measured
by radiocactive digoxin./3/ Hence, the accurate determination
of serv. values seems to Le a rational approach to evaluate
the myocardial concentrations c. these drugs. Straight for-
ward biochemical assays have proven to be laborious, time-
consuming and insensitive and have thus not received wide-
spread clinical application. A measurement of the inotropic
effect of cardirc glycosides using indirect assevsment of
left ventriculur ejection time was pioneered by Weissler et al
/4/ and is a valuable technique. Hz.ever, it obviously gives
no information regarding the quantitative amount of circulat-
ing drug related to its physiclogic effects.

Friedman and Bine /5/ have developed the most sensitive
nonradiocactive assay for digitalis glycosides. This assa,
utilizes a duck embryo Lioassay technioue and is able to
detect levels of 25 nanograms/milliliter of digitoxin, However,
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this is inadequate for evaluating normal blood levels. The
technique requires laborious urine cclleztions; results are
difficult to interpret because digiialis glycosides are also
excreted fecally, and active metabolita: - < well as the
originally administered drug appcer in ..:e urine.

During the 1950s, isctopically izbeled digitalis deriva-
tives were prepared./3,6/ This allowed development of methods
for accurate quantitation of nanogram amounts of 14¢ or tritium-
labeled cigoxin and digitoxin. This advance enabled investiga-
*~rs o define the pharmacodynamics of the digitalis glycosides.
It r130 yielded major advances and understanding of absorption
and protein binding /7/, tissue distribution /3.8/, and routes
of excretion of digoxin and digitoxin./3,9/ Another important
observation was that serum digoxin concentrations of patients
on usual mainterance doses were in the one to two ng/ﬁi ranze
/10/ and the seriuw concentrations w re approximately ten-fold
higher with digitcxin./11/ In 19€7, Lukas and Peterson /12,13/
reported a double isotope derivative method which was specific
and precise, but required several days to do a small number
of examinations. 7This method uses tritated digitoxin to moni-
tor procedural losses of digitoxin during extraction and
conversion to a 14C-triacetate derivative which can be isolated,
purified, snd quantitated. This method has not been applied
to determinations of serum digoxin levels. Also, in the 1950s
it was shown that extremely small concentrations of cu:diac
glycosides inhibit the uptake of radioactive potassium by
human red cells./14/ It was further demonstrated that both
efflux and influx of sodium and potassium were inhibited by
as little as 1.0 ng/ml of digoxin /15/; and, of a large group
of steroids, that only the digitalis glycosides inhibit
potassium uptake in physiologic: concentrations./15,16/ The
inhibitory activity of these drugs, it is specula’.’, is
attained by inhibition of the Na-K activated membrane adeno-
sine triphosphatase (ATP-ase).,17/

Utilizing these facts, Lowenstein /18/, in 1965, devised
an assay for digoxin baged o. the inhibition of the red cell
uptake of 86Rubidium (86Rb). This isotope was chosen because
of its shorter half-life (19 days) compared to potassium iso-
topes. This assay is precis. and demonstrates a sensitivity
as small as 1.0 ng/ml. In his original assay there was a
seven percent incidence of patients not taking digitalis having
a positive level greater than 1.0 ng/ml, i.e. some other plasm
constituent which inhibited red cell 86Rb uptake. Also, this
method did not allow for determinations of digoxin in other
body fluids such as urine because of hemolysis of the red cells.
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In a subsequ :nt modification, Lowenstein and Corrill /19/
developed an extraction procedure with methylene dichloride
which eliminated the false positivea, allowed assay in other
fluids, and increased the sensitivity of the assay for both
digoxin and digitoxin.

Some workers have not been able to renmroduce this method
/20,21/; hovaver, most others have been able to use the assay
/22-28/ ar. mads further modifications to increase its sensi-
tivity. In a critical analysis of methodology and careful
attention to laboratory technique, Bertler and Redfois /28/
have modified this technique to an even lower limit of sensi-
tivity (between 1.3 and 0.5 ng/ml of digoxin). The specificity
of this 86RF ass:ty seems quite good and it has been shown that
other drugs such s spironolactone, chlorthiazide, ethacrinic
acid, furocimide, guanethadine, bethanadine, prednisone, quinine,
and bishydroxycoum .rin do not interfere with the method./23,28/

Radioimmunoassay of polypeptide hormones is an established
technique. These methods rely on competition between an
unlabeled molecu’ = present in the fluid to be agssayed and a
radioactively labeled form of the substance, added in vitro,
for a 1imited number of antibody binding sites. This approach
was first applied to the measurement of digitalis glycosides in
1968 by Oliver et al./29/ The development of antidigoxin anti-
bodies of high affinity and specificity soon allowed for the
development of a radioimmunoassay of sufficient sensitivity to
be clinically nseful./30-33/ Although the cardiac glycosides
are no’ antigenic in their clinical form, they can be coupled
as haptens iuv convenient carriers such as albumin. When injected
into rabbits, antibodies of high affinity and specificity for
the glycoside can be obtained. Smith et al /33/ have modified
their radioimmunoassay by separating bound from free labeled
digoxin by a dextran coated charcoal technique, which yielded
such a remarkable sensitivity that extraction of the glycosides
with organic solvents, a step common to all other techniques,
was obviated. This greatly enhanced the rapidity and simplicity
of their assay technique.,

Other approaches to the quantification of blood levels of
digitalis glycosides include a sodium-potassium ATP-ase inhibi-
tion assay for digitoxin /34,35/, and a serum digoxin assay
based on enzyw.iic isotopic displacement of tritiated digoxin
from brain sodium-potassium ATP-ase,/36,37/ The ATP-agse inhibi-
tion assay is not applicable to digoxin because of apparent
difference in enzyme binding./35/ A gas chromatographic acsay has
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also recently been described./38/ In this technique, digoxin is
extracted froa the serum with methylene chloride, separated
by thin layer chromotography from interferring substances and
reacted with heptafluorobutyric anhydride to form the digoxi-
genin-heptofluorobutyrate. This is purified by an additional
extraction of benzene: ethylacetate and injected into a gas
chromatograph. The overall recovery is 30-40 percent and the
minimal detectable amount is 40 picagrams. Although this
technique is currently limited to digoxin, it is in the pro-
cess of being adapted to digitoxin and to digoxin metabolites.
The time for a single determination is two hours in an emer-
gency and 4~-5 hours with routine determinations. These last
three assay methods are aew a,d relatively not fully assessed.

Comparison of these var.ous methois must be considered
in terms of specificity, sensitivity, precision, rapidity and
eagse of performance., Data on these various points have been
extracted from the literature and are summarized in TABLES I
and II.

Digoxin assays require more stringent sensitivity and
resolution than digitouxin assays since blood levels are lower
by a factor of 10, The difference in plasma levels between
these drugs may be due to a greater binuing of digitoxin by
gerum albumin./?/ Various cpecificity data for 80Rb digoxin
assays have been renorted tat iacent modifications /23/ have
eliminated most of the lalse positive results. The specificity
of radicimmunoassay is largely a function of the antiserum
employed. Therefore it is important to characterize the anti-
body population to be used in terms of hapten, binding arfinity,
and gpecificity. No false positives have been reported in
recent radiolmminoassay procedures.

Disparity in serum or plasma digoxin concentrations
have been reported by different investigators using various
techniques. The reported values for the mer~ concentratiocns
are functions of the maintenance dosa administered, and the
time after dosage that the lesvel is determined. Values
reported from 86Rb methods are both higher and lower than
those for radicimmunoassy. TABLES I and II. In a recent
report /40/, blood values of digoxin in children determined
by radioimmunoassay were given.

Digitoxin assays give large serum values as previously
mentioned. TABLES I and IT A sensitivity of 10 ng/ml has
been reported for all assay techniques, Frecision seems to
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vary more irom technique to technique than with digoxin assays.
Elimination of false-positive results has been reported for
radioimmmoassay, 86Rb uptake inhibition /19/, double isotope
derivative methods /13/, and ATP-ase inhibition method /34,35/.
Somewhat higher levels are measured by ATP-ase inhibition method
/35/ as compared to radioimmnocassay /39,41/. This may reflect
a greater ability of metabolites of digitoxin to inhibit brain
sodium-potassium, ATP-ase, and to displace tritiated digoxin
from antibody binding sites./41/

The newly described technique of gas chromatography assay
for digoxin is reported to be easily adapted to determination
of digitoxin, Although all these methods have valuable clini-
cal usage, it has been speculated that new developments in mass
spectometry during tha next few years will render all of them
obsolete.z2/

Clinical interpretation of these quantitative techniques
rests upon the agsumption that a stable equilibrium exists
between blood and tissue levels which is probably true within
4-6 hours after an oral dose and sooner following an intra-
venous dose /41/ and that the blood level reflects total body
and myocardial concentration., This has been shown to be true
in patierts receiving digoxin./3,43/ Although alterations in
binding of digoxin to myocardium with changes in thyroid
function //4/ and potassium and sodium levels /45,46/ have
been shown 1u animal experiments, it seems unlikely that such
variations would negate the value of these determinations in
clinical situations,

The date regarding the constancy of blood to mrocardial
digitoxin concentration ratios are inadequate to «.1low definite
conclusions./41/ Marcus /47/ has indicated caution in the inter-
pretation of serum digitoxin concentrations, because this
glucoside, unlike digoxin, is largely metabolized to other
forms of varying cardiac activity prior to extraction.

Only recently is the clinical appljcation of these tech-
niques being studied. Perhaps the most intriguing of the
techniques to the clinician is the one by which he tries to
identify patients who have toxic glycoside concentrations./47/
There is general agreement that patients with clinical and
electrocardiographic signs of digitalis toxicity have higher
blood levels than nontoxic patients, Smith and Haber /39/
tound a mean plasma concentration of digoxin of 3.3 ng with
the radioimmnoassay technique in toxic patients; however,
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TABLY I

DIGOXIN ASSAY METTIODS*

- - N ot l e WS T T =y T T =T J - s Tz - e

I
VETHOD  SINSITIVITY  PRECISION  SPLCIFICITY  RAPIDITY oy tr ke mcrs

T,,08 19,28
*6Rb uptake { 1.0 ng/mi SD + 5% No false positives 4 hours 0-5.0 ng/mi -
inhibition after extraction
0.4-1.0 ng/ml 28
R6Rb uptake { 1.0 ng/m} SD + 5% No false positives. 34 hours 0.9-1.5 ng/mi 28
nhibition No interference
secondary to di- 22126
urctics of anti- 0.84 S ng/ml °*°7
hypertensive
medication
Radunmmunoassay 02 ng/ml SD + 4% HWo false positives 1 hour 0.8-2 4 ng/mt "
0721 ng/ml o
Gas chromotography  “..4 ng/ml SD not No falsc positives  4-S hours 1.0-3 0 ng/ml 3k
stated

*Adapted fram Smath TW. Haber E- Amer J Med Sci 259:301. 1970

they found considerebl= overlapping. Smith and Haber/48/ also reported
that in a total o 131 patients, 90 percent of the patients who had

no clinical nor electrocardiographic evidence of toxicity had blood
digoxin levels less than 2.0 ng/ml, while in 87 percent of those with
evidence of toxicity the level was greater than 2.0 ng/ml. Kalman

and Watson /38/, using gas chromatography on a limited number of
clinically toxic patients, have reported that digitalis toxicity levels
are probable about /.0 ng/ml. Ritzman et al /25/, using B6Rb assay,
reported digoxin levels greater than 5 ng in 7 of 11 toxic patients

and digitoxin levels of 39-51 ng in one toxic petient. Bently et al
/35/, using ATP-ase inhibition assay techniques, suggested that
digitoxin levels greater than 45 ng required consideration of digi-
talis toxicity. However, it must be emphasized that no clear cut

blood level differentiates maintenance from toxic levels. Parhaps the
most important factor in determining the sensitivity of digitalis is
the nature of the underlying cardiac disease./,9/ Recent eperience
/50/ suggests that young patients with normal hearts tend o respond

by developing life-threatening ventricular arrhythmias.

A recently reported study /40/ of digoxin levels in eleven
infants determined by radioimmunoassay showed tha®. or a maintenance
dose of 0.007-0.01 mg/lb the blood level 5 hnurs after dosage was
2.3 £ 0.9 ng/ml. This was significantly greater tha: the msan level
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TABLE 1}
DIGITOXIN ASSAY METHODS *
NORMAL VALUES
M D SENSITIVI PR | Fi T
ETHO NSITIVITY ECISION SPECIFICITY RAPIDITY & REFERENCES
86R% uptake 1.0 ng/ml SD + 5% No false positives 19
mhsbpition el - after extr?cgon 4 houns 10-50 ng/mi
86 Rb uptake 1.0 ng/mi SD +0.9ng/ml No false pusitives S hours 1.0-37 ng/m) 28
inhlgrtion or less pod o/
Radioimmunoassay (2.0 ng/m} gg + 15': No false positives -2 hours 4.0-30 ng/ml 3
¥ 1.6 over
fange of 4.0 60 ng/m13":%?
§:50 ng/ml el
Radioimmunoassay  1.0-2.0 ng/ml  Concentration Occasional false  One day $.040 ng/m1 2?
dependent; positives
of variation
11.0-31.7%
Double isotope. 1 g jn 3.0 mI  Concentration  Excellent Four da 1
Dub Upe. - ys 10-56 ng/ml
dilution derivative of plasma de_endent; v ne/
coefficient
of variation
4.0-20%
Na-K ATP-ase {10 ng/m} SD 29-52%  Occasional 4 hours 1040 ng/m} 3§
inhibition %_e{ oraue false positives
ng

G as chromatography t

*Adapted from Smith TW, Haber E: Amer J Med Sci 259:301, 1970
1Not applied ¢ digtoxsn 38

in adults (1.4 1 0.7 ng/ml); this mainienance dose was 0.31 % 0.19 (SD)nmg.
There was no evidence of toxicity in these infants even though 7 of the
11 had levels greater than 2.0 ng/ml. It was concluded, therefore, that
infants tolerate significantly higher serum concentrations than adults
while or. usual maintenance therapy.

Another area of potential use of precise blood digitalis glycoside
levels is in further delineating the clinical pharmacology of the drugs,
/39,51-54/ for example, in the study of GI absorption of the drug in
malabsorption states. A new area of investigation is evaluation of
the half-1ife, onset and duration of the inotropic effect of cardiac
responses combining indirect assessment of contractility and serum
glycoside levels./55,56/
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In summary, the last 10 years have brought remarkable
progress in the ability to accurately and precisely quantify
blood levels of cardiac g.ycosides. Clinical application of
these techniques is just tegimning to gain widespread appre-
cia.ion and the future should provide the clinician with a new
awareness and skill in managing patients requiring treatment
vith digitalis and its derivatives. -
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Let the medicine therefore be given in doses, and at intervals mentioned

—- let it be continued until it either acts on the kidneys, or the stomach,
the pulse or the bowels; let it be stopped upon the first apprarance of
any of these effects.

-—— WILLIAM WITHERING
O Diguaiiz, 1785
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